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SUMMARY AND CONCLUSIONS 
1. The main factors involved in the generation and modification of 
storm surge in this bay-ocean system are: 
1) Astronomical tide; 
2) Inverted barometer effect; 
3) Wind fields and wind stress; 
4) Coastal configuration, bottom topography and bottom 
friction; 
5) Transport of water by waves and swell; and, 
6) Discharge and surface elevation of rivers. 
2. A two-dimensional depth integrated hydrodynamic model which 
uses meteorological data as input to forecast storm surge response 
in the Chesapeake Bay and the Virginia Atlantic nearshore is 
developed. A finite element scheme is used in order to fit the com-
plexities of coastal configuration. 
3. This model has been verified against the following data: 
1) Analytical solutions for a simple case; 
2) Astronomical tides in an estuarine water body; 
3) Astronomical tides in the Chesapeake Bay; 
4) Observed surge in the Chesapeake Bay due to 
a particular storm event (observed tide minus 
astronomical tide during the storm). 
4. The area under investigation includes the main body of the 
Chesapeake Bay between latitudes 36°55'N and 39°32'N excluding its 
tributaries. 
5. Two categories of natural events were studied: 
1) Winter storms, so-called northeasters, primarily extra-
tropical cyclones or frontal wave disturbances arising 
in middle latitudes; and, 
2) Tropical storms and hurricanes which originate in 
lower latitudes and move to higher latitudes. 
ix 
6. In this study extratropical and tropical storm tide maxima were 
treated as statistically independent populations; that is, their 
height-frequency distributions were determined separately using the 
best available methods in each case and then later combined. Method 
selection was based on the following considerations: 
1) Extratropical Storms produce a relatively uniform surge 
over wide areas due primarily to an extensive low pressure 
field (the inverted barometer effect) in addition to 
wind stress effects. These storms also occur much more 
frequently than tropical storms and hurricanes. There-
fore the height-frequency distribution of extratropical 
storm tide maxima can be developed from long-term 
historical records available at certain primary tide 
stations and extended to adjacent areas. 
2) Tropical Storms and Hurricanes usually produce a less 
uniform surge with local extremes in height due to 
locally intense driving forces in combination with 
variable shoreline configurations and water depths. 
Since these surges are relatively rare and can vary 
widely from point to point, analysis of historical 
tide records is of limited value. The alternative 
approach used in this study is the joint probability 
method in which simulated tropical surges and predicted 
astronomical tides are combined to yield storm tide 
maxima, each combination having a specific joint proba-
bility of occurrence as determined from climatological 
data and predicted tide analysis. 
7. For Chesapeake Bay, height-frequency distributions of extra-
tropical storm tide maxima were developed from the daily high water 
heights at six tide stations with records ranging from 24 to 74 
years in length. The distributions, expressed as annual frequencies 
of high water heights exceeding a given level, were corrected in three 
ways. Published values of sea level trends were applied to adjust the 
heights of all stations to mean sea level in 1950, the midpoint of the 
current National Tidal Datum Epoch. The accepted mean level value for 
X 
each station was subtracted so that all heights refer to a common 
datum, mean sea level. Also, an adjustment was made to eliminate 
the effect of multiple high tides due to a single storm. 
8. The simulation of tropical storm surge was accomplished by means 
of a storm surge model which is described in detail in the second 
volume of this report. The model was given as input a large number 
of hypothetical storms, each with a particular combination of key 
parameters that have been assigned a specific probability of occurrence 
based on a thorough analysis of regional climatological patterns of 
the past. The key parameters were chosen, subject to having some 
probability, to define response maxima of the modelled surges. The 
model output consisted of a large ensemble of surge hydrographs, each 
having a specific probability of occurrence, at selected locations in 
the Bay. Each surge hydrograph was combined with an astronomical tide 
curve having a known probability of occurrence. This combination was 
then scanned to find the highest resultant tide. The probability of 
occurrence of the maximum tide was found through joint probability 
determinations and expressed in terms of an annual frequency. Several 
hundred of these maximum hypothetical storm tides have thus been 
generated by virtue of the various possible combinations and serve as 
input for the tropical storm/hurricane tide height-frequency distri-
butions. 
1) Five parameters were chosen to represent storms. They 
are central pressure (P0}, from which central pressure 
deficit is estimated, radius of maximum winds (R), forward 
speed of travel (f), direction of travel (0), and the 
distance (d) from 370N, 76°E to the storm track measured 
xi 
normal to the nominal direction of the direction class 
of the storm. All hurricanes and tropical storms 
entering the region of analysis between 1900 and 1977 
were used to develop the probability distributions of 
these parameters. 
2) Astronomical tide curves were represented by a sine 
wave with a period of 12.42 hours. The amplitude, 
phase, and seasonal mean sea level adjustment required 
for these curves were obtained through probability 
analysis of tides using the harmonic constants available 
at selected tide stations. 
9. Height-frequency curves for a) extratropical maxima, b) tropical 
maxima, and c) the combined maxima due to all storms were displayed 
on semilogarithmic graph paper. The required heights at the 0.1, 
0.02, 0.01, and 0.002 annual frequencies have been taken from the 
curve for all storms and converted to their equivalent elevations 
above the National Geodetic Vertical Datum (NGVD) using published 
NGVD-MSL differences and/or interpolated values at selected locations 
in Chesapeake Bay. 
10. The model results in all cases support the use of the straight 
line (Poisson distribution) frequency height curve to frequencies as 
low as .002 per year. 
11. A statistical model was developed to correct some of the complex 
local effects. It shows that local variability within Hampton Roads 
during storms accounts for the discrepancy, and that upper Bay locations 
are less sensitive to such local effects. While a proposed correction 
is offered, we recommend that small scale models be used to describe 
the hurricane surge probabilities in the lower James River basin. 
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1. INTRODUCTION 
The National Flood Insurance Program calls for the establish-
ment of flood-level frequency for the nation's waters associated with 
10, 50, 100 and 500 year storm surges along the coastal waters. The 
Federal Insurance Administration of the Department of Housing and 
Urban Development and/or Maryland and Virginia States must comply 
with this mandate by undertaking to predict flood levels in the 
Chesapeake Bay system, including all major tributaries, as well as 
other water bodies within the two states. The purpose of this project 
therefore, is to complete the calculation of the frequency and the 
flood levels of Virginia's and Maryland's major waters by addressing 
the Chesapeake Bay system. 
The objective desired is to obtain reliable flood levels 
around the entire shoreline of Chesapeake Bay of the frequency for 
which they can be expected to exceed various heights above a given 
datum. This information can most easily and reliably be produced by 
appropriately analyzing past tide gauge records. There are several 
reasons why this simple approach is not satisfactory for the job at 
hand. 
1) Long term tide gauge records do not exist near 
every point on the Chesapeake Bay shoreline where 
reliable insurance rates are needed; 
2) The tide gauge records that do exist are not long 
enough to produce expected flood height frequency 
curves down to the frequencies at which they are 
required; and 
3) The relatively small number of hurricanes in the 
available record has resulted in places which, by 
chance, have not experienced any severe hurricanes 
or have experienced many fewer than expected over 
the period of record. At these places, even the 
2 
long term records may be biased towards low values 
of height. Correspondingly, places which have 
experienced several hurricanes during the period 
of record are likely to possess tide histories 
which are higher than the expected curve. 
A certain amount of effort has already been put in by 
NOAA to do this job on an open coast. They have decided that, for 
purposes of storm prediction on an open coast, a hurricane can be 
described at any instant of time by four parameters. These are the 
radius of maximum winds (R), a characteristic size parameter for the 
storm, the central pressure deficit (D), a measure of the strength of 
the wind stress and the pressure impulse associated with the storm, 
the forward speed of travel (f), and the angle of approach (a) to the 
coast. For Chesapeake Bay, a fifth parameter must be added to these 
other four. This is the distance (L) away from a reference point which 
the storm track passes. These parameters are indicated on Figure 
4.1 in schematic form. The reason that the fifth parameter is 
required for Chesapeake Bay is that the response for a storm striking 
an open coast is independent of the actual position of the storm 
crossing the coastline. The response is always the same with respect 
to the crossing point. For Chesapeake Bay, this is not true. A storm 
passing inland south of the Bay will have a response much different 
than one passing north of the Bay, even though all other characteristics 
remain the same. 
Because of the time and funding limitations, this particular 
study is only intended to perform the following tasks. 
1) Carry out a historical survey of storm events and storm 
surges in the Chesapeake Bay and related areas. 
3 
2) Conduct a probability analysis of storms parallel and 
normal to the outer coastline of Virginia. 
3) Formulate a hydrodynamic model and develop a computer 
program to compute the storm surge. 
4) Generate astronomical tide probability distributions 
at selected locations. 
5) Compute joint probability distribution frequency of 
flooding. 
6) Combine surge-frequency curves to obtain total predicted 
surge heights at required 0.1, 0.02, 0.01, and 0.002 
annual frequency; relate heights to NGVD at the selected 
locations. 
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2. METHOD OF APPROACH 
Basically two categories of natural events are recognized as 
the primary cause of extreme water levels and flooding in the tidal 
waters of Chesapeake Bay. These are 1.) Extratropical Cyclones 
(winter storms or "Northeasters") typically consisting of a frontal 
wave disturbance arising in middle latitudes and moving across the 
U. S. East Coast in a northeasterly direction, and 2.) Tropical 
Cyclones (tropical storms and hurricanes) which originate in lower 
latitudes and move to higher latitudes. A tropical storm has closed 
isobars and a distinct rotary circulation at the surface with maximum 
winds of 39-73 miles per hour (34-63 knots). Hurricanes also have 
closed isobars but with strong, very pronounced rotary circulation 
and surface winds of 74 miles per hour (64 knots) or more. Although 
both storm categories produce damaging surge through wind stress and 
pressure effects, there are clearly discernible differences in 
the resulting heights and the frequency with which they occur over a 
period of years. The extratropical cyclones are the most frequent, 
but tropical cyclones are potentially the most severe. From an 
analytical viewpoint, the surge heights associated with either 
category are treated as statistically independent data populations. 
Our approach can be summarized as shown in Figure 2.1. 
2.1 Mathematical Storm Surge Model 
The storm surge model consists of a hydrodynamic model and 
a hurricane model. The former describes the water surface fluctuation 
and circulation, and the latter depicts the pressure and wind fields 
FLOOD FREQUENCY LEVELS IN CHESAPEAKE BAY 
I. Historical Analysis 
Tabulation of daily high water 
heights at primary tide t;.tations. 
1.) Adjust highs for yearly sea 
level trend, reduce to MSL, 
1941-1959 epoch. 
2.) Eliminate secondary highs 
above critical level during 
storms. 
Remove trap. storm/hurricane 
maxima from record. 
Extend corrected extratropical 
height frequency curves to 
adjacent tide stations. 
II. Simulation Analysis 
Climatological analysis to determine 
hurricane/t rop. storm parameter value 
sets and probability of occurrence. 
Collection of tide data for in odel 
calibration and verification. 
Storm Surge Model - Generates large 
ensemble of storm surge hydrographs 
Astronomical Tide Model - Uses 
probability distribution of dail) 
mean range (1941-1959) coupled 
with seasonal mean sea level to 
produce tide curve sets with 
known probability of occurrence. 
representing all combinations of 1+---
III. 
storm parameter value sets in 
the Bay proper. 
I 
Add curves to obtain extended 
height-frequency curve for 
all storms. 
IV. Select 0.1, 0.02, 0.01, 0.002 
frequency levels (MSL), convert 
to heights above NGVD. 
Combination of storm surge hydrographs 
with astronomical tide curves at fixed 
number of phase displacements. 
Computer scanning of resultant curves 
for maximum heights with annual frequencies 
determined by joint probability method. 
f.J1 
FIGURE 2.1. FLOW CHART OF METHOD OF APPROACH. 
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of a tropical cyclone, which are the driving forces to the hydro-
dynamic model. The hydrodynamic model is based on the two-dimensional 
depth-integrated continuity and momentum equations in a fluid. The 
semi-empirical hurricane model, mainly based on previous works by 
Holmboe (1945), Myers (1954), Wilson (1957) and Pagenkopf and Pearce 
(1975), consists of analytical expressions for the pressure and wind 
fields, characterized by the central pressure depression, the radius 
of maximum winds, the forward velocity and the deflection angle of 
a tropical cyclone. For a detailed description of the formulation, 
numerical scheme and results of the storm surge model, the reader 
is referred to Volume II of this report which also constitutes part 
of a larger effort undertaken for the flood frequency study of the 
Chesapeake Bay. 
For a given tropical cyclone, the storm surge model was 
employed to predict storm surge in the bay. 
2.2 Height Frequency Relationship 
The relationship between storm tide heights and their fre-
quency of occurrence through time is a central element of this report. 
In the following sections we describe certain statistical properties 
of tidal data which govern this relationship. 
Tidal heights can be measured in a probabilistic sense by 
referring to the fraction of total time, Th/T, in which the height 
of tide expressed as a continuous function of time, h(t), falls within 
a specified height range (h, h + ~h). By taking a very long tidal 
record and a very small range, this fraction will begin to converge 
to a limit defined by the probability density function 
p(h) = lim 1 
~h+O ~h 
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[lim Th] T-+-<x> T (2 .1) 
The probability that some instantaneous value of the tidal height h(t) 
will be less than or equal to a given height his then defined by the 
probability distribution function P(h) where 
P(h) -- Jh p ( t" ) d ( t" ) prob [h(t).::_h] s s 
-oo 
or for any range of heights (h1 , h2) 
h2 
P(h2) - P(h1) = prob [h1<h(t)~h2 ] = J p(h)dh 
hl 
(2. 2) 
(2.3) 
Among the various types of probability distributions in 
existence, the Poisson distribution is particularly useful in describ-
ing rare events or discrete data with low probability of occurrence. 
Considering the high water heights measured at a tide station, the 
number of highs that fall within the range (hb,h) is given by a 
Poisson distribution with mean m(h-hb) where mis a proportional 
constant. The Poisson probability distribution function 
-m(h-h ) [ \Ir P(r,h-hb) = e b Lm(h-hb1 /r! (2. 4) 
then expresses the probability that exactly r high water will fall 
within (hb,h). The probability that none will fall within range or 
that all highs will exceed h if hb is chosen as some minimum elevation 
within the population is 
-m(h-h) P(O,h-hb) = e b (2. 5) 
and the number expected to exceed h in a sample of size N is 
-m(h-h) 
n = Ne b (2. 6) 
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The above equation provides a basis for development of 
cumulative height frequency distributions of high water heights as 
described by coastal scientists in Holland (Wemelsfelder, 1938, 1961; 
Dronkers, 1964). These distributions depend upon the fact that in a 
semidiurnal tide regime, a total of 705 high water heights will be 
observed in an average year. Using N = 705 in equation (2.6) n is 
the annual frequency or number of tides expected to exceed h in an 
average year. Taking the logarithm of both sides of the equation, 
ln n = -m (h-hb) + ln N in natural logarithms (2.7) 
or log n = -2.30 m (h-hb) + log N in common logarithms 
expresses the transformed frequency, log nor ln n, as a linear 
function of height and predicts that all 705 high waters per annum 
will exceed h = hb. Distributions formed with actual data show, 
however, that the upper frequency limit is approached almost asymp-
totically and is eventually reached at some height below hb (Figure 
2.2). Away from this limit the linearity implied by equation 2.7 
has been shown to hold quite well in long data sets. 
The assumption is made that tidal extremes within Chesapeake 
Bay consist of two separate distributions, one including extratropical 
surge and one including surge due to tropical storms and hurricanes. 
Each of these distributions will be described by equation 2.7 using 
a unique slope and frequency limit. The ideal form of these distri-
butions is shown schematically in Figure 2.2 (the tropical storm 
hurricane surge distribution will converge at a much lower frequency 
limit as compared to the extratropical surge distribution). 
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Figure 2.2. Idealized Height-Frequency Distributions 
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In the Bay area there are tidal records of sufficient length 
to determine extratropical surge distributions directly. This how-
ever, is not the case for tropical storm surge distributions which 
must be determined by indirect means. In recent years the latter 
distributions have been successfully developed by model simulations 
governed by joint probability (Myers, 1970, 1975; Ho and Tracey, 1975; 
Ho and Myers, 1975; Ho, et al., 1976; Myers and Overland, 1977). 
2.3 Joint Probability Method 
The time history of surge, S(t), produced by a hurricane 
passing near a given location can be related to a set of climatological 
parameters controlling the effects of the storm event using the model 
(2.8) 
Equation 2.8 states the functional dependence of the resultant surge 
hydrograph upon k different parameters assumed to be independent of 
one another. These parameters and their actual use in the storm surge 
model are discussed in Chapter 4. If the assumption of independence 
holds and if a probability density function exists for each of the k 
parameters (as determined from climatological records), then the joint 
probability density function is given by the product of the k individual 
probability density functions, or 
(2.9) 
Equation 2.9 expresses the probability associated with a 
given combination of k parameters as required for a particular surge 
hydrograph in equation 2.8. Equation 2.9 therefore gives the proba-
bility that an individual storm event will produce the surge as a 
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result of the combination specified. Since a similar surge may 
result from some other combination of parameters, the net proba-
bility density reflecting all possible combinations yielding similar 
hydrographs must be found before developing a probability distribution. 
In practice, the various climatological parameters are taken as dis-
crete values, each value representing a class interval given propor-
tional probability. If k parameters are divided into i classes, 
then ik unique combinations are possible, each with a joint proba-
bility of occurrence as given by equation 2.9. For example, if k = 5, 
i = 4 then 1,024 combinations are possible. It would be very 
inefficient to make this number of computer runs using all parameter 
combinations in a storm surge model. Hence a series of exploratory 
runs are made for the purpose of identifying regions of parameter 
space that are productive of large surges. Parameter class intervals 
and their assigned probabilities are then set in such a way that 
the larger surge combinations are clearly delineated while the total 
number of classes (and runs) is held to a minimum. These procedures 
are described in Chapter 5. 
2.4 Combined Tropical Surge and Astronomical Tide 
Following the exploratory procedure mentioned above, each 
computer run of the storm surge model is made to produce the full 
surge hydrograph, S(t), over a finite number of time steps covering a 
period of approximately 48 hours. These runs containing the maxima 
of interest are made at selected locations in Chesapeake Bay where 
tidal information is available (see Fig. 3.1). As described in detail 
in Chapter 6, each tropical surge hydrograph is combined with a 
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representative ensemble of astronomical tide curves likely to occur 
at the time of the storm. The maximum tide resulting from each 
such combination is enumerated as input to the tropical surge 
height frequency curve depicted in Figure 2.2. 
2.5 Combined Tropical-Extratropical Surge Distributions 
The distributions illustrated in Figure 2.2 can be combined 
simply by adding the frequencies from the tropical and extratropical 
surge curves at corresponding heights. The resultant curve then 
represents the height-frequency relationship due to both storm cate-
gories. Because of the logarithmic scale, frequency addition pro-
duces little effect away from the region of curve intersection; i.e. 
the curve on the right contributes an increasingly insignificant 
amount relative to the other as the two curves diverge. Analysis 
of historical tide data from Chesapeake Bay (discussed in the following 
Chapter) indicates that the intersection occurs at approximately 
n = 0.15. Hence the extratropical surge contribution will have a 
rapidly diminishing effect at frequencies below n = 0.1. The final 
height frequency distributions obtained in this study as due to all 
causes are presented in Chapter 7. 
13 
3. HISTORICAL ANALYSIS OF TIDES AND WINTER STORM SURGE 
Tidal information was obtained for a selected number of 
locations shown in figure 3.1. The majority of these stations are 
classified as tertiary (records of less than one year in duration) 
or secondary (records of one year or more in duration). Five of the 
stations shown on the figure and listed in table 3.1 are primary tide 
stations having at least 19 years of continuous records. All stations 
with the exception of Eastville, Virginia were established by the 
National Ocean Survey. 
One of the purposes of the historical analysis of tides was 
to obtain the height-frequency distribution of the extratropical surge 
at the five primary tide stations. This was accomplished at each of 
these stations by enumerating the recorded high water heights that 
equal or exceed a given elevation. The exceeding number (frequency) 
was computed as a function of height by repeating the process for a 
range of discrete elevations increasing in 0.1-foot increments. The 
annual frequency, n, was computed as 
n = 
exceeding number X 705 total number recorded 
Before the above analysis was conducted, three separate 
adjustments were made to the data: 
(3.1) 
1.) The accepted mean sea level value for the current 
National Tidal Datum Epoch (1941-1959) was subtracted 
from the data so that all heights refer to the tidal 
datum of mean sea level (MSL) at the station. 
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TABLE 3.1. SELECTED CHESAPEAKE BAY STATIONS HAVING KNOWN TIDAL 
CONSTANTS. 
STATION CODE GEOGRAPHIC POSITION 
1. Havre De Grace, Md. HAVR ------------- 39°32.2'N 76°5.2'W 
2. Betterton, Md.---------- BETT ------------- 39°22.3'N 76°3.S'W 
3. Tolchester, Md.--------- TOLC ------------- 39°12.9'N 76°12.9'W 
*4. Baltimore, Md.---------- BALT ------------- 39°16.0'N 76°34.7'W 
5. Love Point, Md.--------- LOVE------------- 39°2.Z'N 76°18.Z'W 
6. Matapeake, Md.---------- MATA------------- 38°57.5'N 76°21.2'W 
7. Cambridge, Md.---------- CAMB ------------- 38°34.Z'N 76°04.4'W 
*8. Annapolis, Md.---------- ANNA------------- 38°59.0'N 76°28.9'W 
9. Chesapeake Beach, Md. --- CHES------------- 38°41.4'N 76°31.9'W 
10. Cove Point, Md. ---------COVE------------- 38°41.0'N 76°23.0'W 
*11. Solomons Island, Md.---- SOLI ------------- 38°19.0'N 76°27.Z'W 
12. Hoopers Island, Md.----- HOOP------------- 38°17.B'N 76°12.3'W 
13. Chance, Md. -------------CHAN------------- 38°10.3'N 75°56.6'W 
14. Cornfield Harbor, Md. --- CORN------------- 38°3.7'N 76°21.5'W 
15. Crisfield, Md.---------- CRIS------------- 37°58.7'N 75°51.S'W 
16. Guard Shores, Va.------- GARD------------- 37°51.0'N 75°42.0'W 
17. Windmill Point, Va.----- WIND------------- 37°36.9'N 76°16.9'W 
18. Gaskin Point, Va.------- GASK ------------- 37°33.0'N 75°55.0'W 
**19. Eastville, Va.---------- EAST------------- 37°21.9'N 75°59.0'W 
20. Gloucester Point, Va. --- GLPT ------------- 37°14.B'N 76°30.0'W 
*21. Kiptopeke Beach, Va.---- KBCB ------------- 37°10.0'N 75°59.3'W 
*22. Hampton Roads, Va.------ HRVA ------------- 36°56.S'N 76°19.9'W 
23. Little Creek, Va. ------- LCRK ------------- 36°54.S'N 76°10.5'W 
* Underlined stations are NOS primary tide stations 
** Tidal constants derived from a one month series obtained by 
VIMS personnel. 
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2.) Published values of the trend in yearly mean sea 
level (Hicks and Crosby, 1974) were used to adjust 
the high water heights to the equivalent level in 
1950 at the mid-point of the current National Tidal 
Datum Epoch.1 
3.) An elimination was made of certain multiple highs 
occurring during a single storm event so that only 
the highest tide produced by that event was retained. 
The final step in the development of the extratropical surge 
distribution involved isolation from tropical storm and hurricane 
surges on record. The high water heights directly associated with 
tracked tropical storms and hurricanes were separated from the 
remaining observations to achieve this purpose. The resulting distri-
butions are shown in Figures 3.2 - 3.6. The solid lines shown in 
the figures are from exponential least squares fitting of the extra-
tropical surge data. 
A secondary purpose of the historical analyses was to provide 
a check on the height-frequency distributions of tropical storm and 
hurricane surge developed through simulation modeling and the joint 
probability method. Although none of the primary tide stations have 
records long enough to fully develop the latter distributions, there 
are important initial segments showing their general orientation at 
higher frequency levels, particularly at Baltimore (74 years of record) 
and at Hampton Roads (49 years of record). The annual frequencies 
of tropical storm/hurricane surge were computed using equation 3.1 as 
1 This step essentially removes the existing sea level trend during the 
series of measurements. Future sea level trend, if any, will be 
accounted for through revision of the MSL datum for this reason by 
the National Ocean Survey. NOS will review all tidal datums for 
possible revision every 25 years. 
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before and their distributions are shown in Figures 3.2 - 3.6. 
It is to be noted that the resolution of the data in the 
above figures become increasingly poor in the direction of lower 
frequencies. This is shown by the tendency of points to "stack" in 
columns, meaning that no tides have as yet been observed at the 
intermediate heights indicated due to insufficient length of 
record. For example, at Kiptopeke Beach (Fig. 3.5) only one tide 
reached 5.9 feet MSL during the period of record (1953-1976) and 
this was due to the extratropical storm of March 1962. Two more 
extratropical storms produced tides of 4.6 and 3.9 feet MSL, res-
pectively; at 3.8 and 3.7 feet MSL the highest recorded hurricane 
tides (Flossy, 1956 and Donna, 1960) next appear. However, the 
tides we examined for Hampton Roads (1928-1976) show that three 
of the most extreme hurricane tides recorded in the Lower Bay occurred 
before 1953 and these storms may have produced additional tides in 
range of 4-6 feet at Kiptopeke Beach. Moreover if a longer record 
were available at this location and if the most extreme tidal maxima 
did not recur, then there would be a corresponding shift of these 
points toward lower frequencies in Figure 3.5. 
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4. HURRICANE PARAMETER PROBABILITIES 
The intent of this analysis is to provide parameters for 
hurricanes and tropical storms along with their associated probabilities 
of occurrence. As these are to be used in a model of the Chesapeake 
Bay, it is desirable to reduce the entire complexity of hurricanes and 
tropical storms to as small a set as possible consistent with an 
adequate prediction capability. These parameters should, in addition 
to describing the storm in the sense that a model storm having a given 
set of the parameters should produce a storm surge with the same peak 
value that the real storm having the same set of parameters did, be 
easily deducible from historical records of hurricanes and tropical 
storms in the area. The probabilities, then, for each of the resulting 
parameters should then be determined from the historical record. These 
probabilities are to be used in combination with model runs to estimate 
frequencies of occurrence of heights to be expected from future 
hurricanes and tropical storms in the Chesapeake Bay region. 
4.1 Concepts Taken from Previous Studies 
The philosophy and approach taken in the analysis are based 
directly on the work of Ho, et al, (1976) entitled Storm Tide Frequency 
Analyses for the Open Coast of Virginia, Maryland, and Delaware. This 
work was based on data in a climatology report by Ho, et al, (1975) 
using the method introduced by Myers (1970). These reports also 
contain comprehensive bibliographies about hurricane parameterization 
schemes. 
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4.1.1 Historical Record of Storms 
The basis of any collection of hurricane data for a region 
is a set of data corresponding to the storms which have been observed 
during the period of record. Where the analysis can be done, the 
parameters which can be evaluated for each storm are associated with 
the date of the storm, as an identifier, in a list. This list forms 
the basis for all subsequent data analysis. For our study, a list was 
constructed for all hurricanes and tropical storms entering our analysis 
region between the beginning of 1900 and the end of 1977, a total record 
length of 78 years. 
This section covers significant storms since 1968; for storms 
prior to this year consult Ho, Tracey, Myers and Foat, Storm Tide 
Frequency Analysis for the Open Coast of Virginia, Maryland and Delaware. 
Since 1968 nineteen severe storms have traversed the study 
area. Of these, 14 storms have reached hurricane intensity while the 
remaining five were tropical storms. The historical sketches given 
below are capsulated versions of the annual review of the previous 
hurricane season found annually in the April issue of the Monthly 
Weather Review. Only the most significant storms are described below. 
4.1.1.1 Hurricanes 
Hurricane Gladys - October 13-21, 1968 
Forming in the Caribbean on October 15, Gladys reached hurricane 
intensity shortly before crossing the southern coast of west Cuba. As 
Gladys moved northeast from the shores of Florida she shifted to the 
coasts of Georgia and the Carolinas. Passing next to Cape Hatteras, N.C. 
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she began to dissipate on 20 October while accelerating northeastward. 
This same day Norfolk, Va. reported wind gusts of 46 mph with a storm 
surge of 8 ft. above the expected tide height. Although hurricane warnings 
were issued from north of Charleston, S. C. to Cape Hatteras, N. C. damage 
was minor. In North Carolina any damage was more than offset by the 
rain which broke the worst drought in 56 years. 
Hurricane Camille - August 5-22, 1972 
Camille reached hurricane status while in the Caribbean on 
14 August. Throughout the 15th and 16th intensification continued as 
was indicated by a shrinking eye. On the afternoon of the 16th an Air 
Force reconnaissance aircraft reported a central surface of 908 mb. 
The following afternoon (17 August) the storm had moved to less than 
100 mi from the mouth of the Mississippi River. By midnight the storm 
had crossed the Mississippi coastline. As Camille moved inland she 
began to weaken while torrential rains developed in mountainous areas. 
These rains caused a series of devastating flash floods. Following the 
storm it was determined that more than 25 in. of rain had fallen during 
an 18 hr. period. As Camille moved over the Atlantic on 21 August she 
regained tropical storm status only to encounter a cold front and modi-
fication into an extratropical system. Camille met her demise after 
claiming 256 lives and $1,420,750,000 in damage throughout the states 
of Mississippi, Louisiana, Alabama, Virginia and West Virginia. 
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Hurricane Agnes - June 14-22, 1972 
When Agnes developed she had a circulation envelope 1000 nautical 
miles across. As she grew so did a second convective cell which re-
mained as a strong depression throughout most of the life cycle of Agnes. 
Agnes reached hurricane intensity on 18 June and continued through 20 
June when upon moving northeastward into Georgia she became a depression. 
The secondary low developed west of this depression on the 21st. This 
complex system regained tropical storm status late this same day while 
over North Carolina. The following day the original depression moved 
offshore near Norfolk, Va. As Agnes moved back over the ocean 10 to 
14 in. of rain fell over areas of Virginia, Maryland and Pennsylvania 
in response to the baroclinic release of energy. By her end Agnes had left 
124 people dead and $3,097,000,000 in damage throughout the United 
States and Cuba. For a more detailed account of this storm consult 
the special report published by the National Climatic Center in 
Asheville, N. C. 
Hurricane Belle - August 6-10, 1976 
Belle reached hurricane intensity during the late afternoon 
of 7 August while off the coast of Florida. Steady intensification, 
which had begun on 6 August, continued until 9 August. Throughout the 
8th and 9th she accelerated northward finally making landfall along the 
south coast of Long Island on 10 August. Belle is generally considered 
a gentle hurricane which claimed 5 lives and $100,000,000 in damages. 
The damage was primarily in the form of crop damage although the per-
centage of property damage was significant. 
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4.1.1.2 Tropical Storms 
Tropical Storm Doria - August 20-29, 1971 
Although Doria never attained hurricane status she was a 
devastating storm which passed through densely populated areas of 
eastern North Carolina and southeastern Virginia. Flooding in response 
to rains in advance of the storm was responsible for the principal damage 
to property and crops. The total property damage was on the order of 
$147,350,000 with 6 storm-related deaths. 
4.1.2 Storm Grouping by Type 
The physics of hurricanes requires them to be essentially 
marine phenomena. Hurricanes, once they cross a land boundary, are in 
the process of dissipating unless they recross to the water. For this 
and related statistical reasons, it is common practice to segregate the 
storms into several groups before grouping their parameters. The groups 
are landfalling, exiting, and passing storms. In our study region, many 
storms cross the coastline south of Cape Hatteras and then recross near 
the Virginia-North Carolina border. In our storm list, these are classed 
as L-X or landfalling-exiting storms. They are grouped with both land-
falling and exiting storms for parameter analysis. 
4.1.3 Hypothesis of Independence of Parameters 
An effort is made to choose as small a set of descriptive 
parameters as possible. Beyond this, the primary physical differences 
between storms are taken into consideration with the subgroupings. The 
hypothesis of independence of parameters is that, within each subgrouping 
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of storms, the estimating parameters are statistically independent. 
This implies that the probability of occurrence of a given set of 
parameters, within given class intervals, is simply the product of the 
probability of occurrence of the individual parameters. 
4.1.4 Use of Smoothing to Extend Sample 
In any small section of the coastline, there will not have 
been many hurricanes during the period of record. As a consequence, 
any ~ist based on hurricanes actually found in a small area is unlikely 
to represent the long term characteristics of hurricanes passing through 
that area because it is a small sample. If the long term characteristics 
of hurricanes passing nearby areas are similar, the data from hurricanes 
passing through nearby areas can be used to augment that from the study 
area to provide a larger sample. As the "nearness" of the nearby area 
lessens, the deviation of characteristics from those of the study region 
increases, and this introduces a bias in the description. As a means of 
increasing the data for analysis while guarding against large biases, a 
weighted counting scheme for hurricane parameters is used. This scheme 
assigns weights to hurricanes from nearby areas based on a guess of 
their applicability to the study area. If this technique is applied 
to a sequence of adjacent areas, as in Ho, et al (1975), it acts as a 
smoothing filter for the parameters as one passes from area to area. 
4·.i-. 5 Concepts Different from Previous Studies 
The previous studies were concerned primarily with long stretches 
of coastline for which similar responses occurred for hurricanes as 
measured from the landfall point. Some alterations to these concepts 
were motivated by the special and particular character of the Chesapeake 
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Bay region. First of all, substantial changes to response for a given 
hurricane are likely to occur within a much shorter distance for 
Chesapeake Bay than for an open coastline. Also, the Chesapeake Bay 
is an areal rather than a linear geographical feature. These differ-
ences led us to define a fixed study region with weighting for storms 
central and peripheral within the region. To account for the small 
scale nature of the Bay itself, the location of a storm track within 
the region was explicitly analyzed using an additional parameter to 
the ones used in previous studies. 
4.2 Parameters Chosen to Represent Storms 
A schematic hurricane approaching the study region is shown 
in Figure 4.1 along with the track of the storm. Parameters estimated 
included central pressure (P ), from which central pressure deficit is 
0 
estimated, radius of maximum winds (R), forward speed of travel (f), 
direction of travel (8), and the distance (d) from 37°N, 76°E to the 
storm track measured along a line normal to the storm approach angle 
class direction, one of the principal octants. 
4.3 Methods 
4.3.1 Study Region 
Figure 4.2 shows the study region within which hurricanes and 
tropical storms occurring during the period of record were included in 
the analysis. The region was broken into subregions, labelled A, Band 
C, which had weights of .6, .3, and .1 respectively assigned to them. 
The weight assigned to the parameters of a given storm was that of the 
region closest to the center through which the storm track passed. 
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4.3.2 Construction of Base Data List 
4.3.2.1 Raw Data Collection 
The study area was divided into three areas based upon the 
degree to which a storm passing through the area would affect the 
Chesapeake Bay. Only tropical storms passing through the study area 
since 1900 were included in the analysis, since central pressure con-
firmation prior to this year is doubtful as suggested by Ho (1975, p. 30). 
Those storms passing through the study area were divided 
into three classes: 
LANDFALLING - those storms which made landfall within 
the study area 
EXITING - those storms which moved from land to the 
Atlantic Ocean within the study area 
PASSING - those storms whose track lies entirely over 
land (excluding Chesapeake Bay and other 
estuaries) or entirely over the Atlantic Ocean. 
Due to recurvature and the shoreline configuration some storms occupy 
two classes; Exiting and Landfalling. For the most part storms placed 
under the Passing genre are counted only once. However there are a 
few exceptions: 
1) Within the class of Passing storms there is a subset 
of storms which have track which resembles an acute 
hyperbola. When the vertex of the hyperbola lies 
well within the study area the storm is counted twice 
with information representing the approach and exiting 
legs of the storm within the study area. 
2) In a few instances the storm enters the study area and 
then exits only to reenter at a later date. Each 
entrance is treated as a separate storm. 
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4.3.2.2 Data Sources 
Central Pressure: The central pressure data was extracted from infor-
mation reported on surface weather charts. 
1900 - 1942 
1943 - 1953 
1954 - Present 
Historical Weather Maps 
U. S. Surface Weather Maps 
North American Surface Charts 
The charts are available on microfilm from the National Climatic Center 
in Asheville, N. C. 
In determining the central pressure it was assumed that the 
hurricane was accurately represented by the synoptic weather maps 
published by the National Weather Service. It was also assumed that 
the central pressure was not less than the lowest contour minus the 
standard contour interval. Central Pressure is measured in millibars. 
Radius of Maximum Winds: Using the methods described in Ho (1975, pp. 
41-47), this parameter was determined from the Naval Reconnaissance flight 
in and around the eye of the storm. Data on the eye diameter was avail-
able from 1945 to 1974 from the Navy flights. Due to degree of error 
associated with this parameter, available data for the entire storm track 
was averaged and applied to the study area. For most storms this 
parameter could not be determined, therefore when possible the data set 
was supplemented with that from Ho. et al (1975). Radius of maximum 
winds is measured in nautical miles. 
Forward Speed 
The forward speed was determined from the 12 or 24 hr. positions 
on hurricane tracking charts. 
1900 - 1963 
1963 - 1977 
Tropical cyclones of the North Atlantic 
Monthly Weather Review 
This method of determining the forward velocity is briefly discussed in 
Ho (1975) p. 55. Forward speed is measured in knots. 
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Storm Heading 
Again the hurricane tracking charts described in the forward 
speed section were used. As previously described a straight line 
approximation of the storm track within the study area was used to 
estimate the heading which is given in degrees from true north. A 
counterclockwise variation (left-half of the compass) is represented 
by an angle between O and -180°. This parameter indicates storm 
heading and is given in degrees. 
Crossing Distance 
Once again the hurricane tracking charts of the forward speed 
section are used. When the storm track crossed the 37th parallel the 
distance of this point of intersection from the 76° meridian was 
measured and reported as the crossing distance. If the storm track 
th did not cross the 37 parallel the point of intersection of the 
straight line approximation of the storm path was used. The crossing 
distance is measured in nautical miles. 
4.3.2.3 Data Collection and Weight Assignments 
(Central Pressure), P - lowest central pressure associated 
0 
with a particular tropical disturbance occurring within the study 
area. This valueisweighted according to the region in which it occurs. 
(Radius of Max. Wind), R - radius of maximum surface wind 
m 
of the storm, this value is associated with the region of greatest weight 
through which the storm passes. 
(Forward Speed), f - the forward speed of the storm, this 
value is associated with the region of greatest weight through which 
the storm passes. 
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(Angle of Approach), 8 - the direction of the straight line 
approximation of the storm track within the study area, as seen on 
a compass with the eastern half represented by o0 to 180° and the 
0 0 h western half represented by O to -180. This value is associated wit 
the region of greatest weight through which the storm passed. 
(Approach Distance), d - the measured crossing distances 
attained very high values (see table in appendix), chiefly from 
0 
storms which nearly paralleled the 37 N·parallel. The values were con-
verted to a more convenient parameter, d, before being accumulated. 
The approach distance, d, is the distance from 37°N, 76°E (Chesapeake 
Bay Mouth) to a point where the storm crosses a line from the base 
point normal to the class line for the direction class of the storm. 
The direction classes chosen were the principal octants. This value 
is associated with the region of greatest weight through which the 
storm passed. 
4.3.3 Construction of Probability Tables for Each Parameter 
4.3.3.1 Discretization and Least Count 
As the data list was being constructed, all the measurements 
of parameters were discretized to integral values of their scales. So 
the least count for the parameters was 1 millibar for P, 1 nautical 
0 
mile for Rand d, 1 knot for f, and 1 degree for 0. 
4.3.3.2 Raw Cumulative Weight Galculation 
The cumulative weights were then calculated as a function of 
increasing parameter value for each parameter within each storm class. 
Thus, 15 cumulative probability distributions were produced con-
sisting of five parameters for each of three storm types. 
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4.3.3.3 Assignment of a Probability Scale 
The assignment of a probability scale was done essentially 
by letting the cumulative weight scale be set between zero and nearly 
1. As we are trying to produce a curve corresponding to 500 year 
recurrence levels on some unlimited parameter scales, some care was called 
for in the choice of the actual end points used for the probability 
scale. The choice of scale was done such that, if the probabilities 
were accumulated by decreasing the parameter rather than increasing it, 
and then subtracting the resulting points from 1, to give an equiva-
lent representation, the resulting plotted points would be identical 
with those plotted by accumulating the increasing parameter. This 
conversion between weights and cumulative probability is 
cum P = cum W 
where the lowest class is k=l, the highest class with non-zero weight 
is N with a weight WN. These probabilities are presented in Figures 
4.3 to 4.21. 
4.3.3.4 Smoothing and Construction of Final Estimates for each Parameter 
A smooth curve was hand drawn between the graphical probability 
points. The final tables, Tables 4.3, were constructed by reading 
points directly from this smoothed curve. 
4.4. Results 
This section is comprised of cumulative probability graphs 
and tables corresponding to the probability of occurrence of the various 
storm parameters. There are 123 storms listed in Appendix 1. Of these 
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Figure 4.4. Cumulative probability of radius of maximum winds for 
passing storms. 
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Figure 4.12. Cumulative probability of approach angle for landfalling 
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storms, 13 are of the L-X variety, both landfalling and exiting within 
the study area. These storms are counted twice, so the sample of 
storms used consists of 136 counted storms. Of these, the number 
in each of the various classes is given in Table 4.1. The cumulative 
probability graphs within each class are arranged by central pressure, 
radius of maximum winds, forward speed, and approach angle. For 45° 
approach angle classes centered on the prime direction (N,NE,E •.• ), 
conditional probabilities are presented for the approach distance. 
Table 4.1. Number and Fraction of Tropical Storms 
and Hurricanes for each Major Storm Type 
Storm Type Land falling Exiting Passing 
number of storms 30 39 67 
percentage of storms 22.0% 28.7% 49.3% 
These use the convention that they are positive if the track passes 
the right of the origin, negative if the track passes to the left of 
to 
the origin. These conditional probabilities are plotted only for 
classes which contain 5 or more storm counts. Table 4.2 contains the 
percentages of storms by direction class for each storm type. Table 
4.3 is read from the graphs and contains the probabilities for each 
parameter by 5% intervals. 
4.5 Comparison of our Data Base with Previous Work 
During the period of record, roughly twenty-five storms were 
given estimates in our analysis which also had been reported by Ho, et al 
(1975) in the climatology report. As much of the two analyses are inde-
pendent, a comparison of estimates is of some interest. The scatter 
plots of corresponding estimates are shown in Figures 4.22-4.25 for central 
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Table 4.2. Percentages of Each Storm Type by Direction 
Class as Read from each Smoothed Cumulative 
Probability Curve 
s TORM T Y P E 
Direction Class Passing Landfalling Exiting 
00 18 30 6 
45° 75 39 75 
90° 3 8 12 
135° 0 0 2 
180° 0 0 2 
.... 135° 0 1 3 
-90° 2 5 0 
-45° 2 17 0 
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Table 4. 3-1. 
LANDFALLING STORMS 
Prob p R e f d 0 
-45° 00 45° 
.01 950 3.9 -106 3 -250 -128 -229 
.02 952.2 4.9 - 90 3.9 -243 -118 -176 
.03 953.3 6 - 82 4.6 -235 -107 -149 
.04 954.6 6.6 - 75 5.1 -232 - 98 -130 
.05 955.4 7.6 - 69 5.5 -223 - 90 -111 
.06 956 8.6 - 61 6.3 -221 - 81 - 91 
.07 957 9.4 - 57 6.6 -220 - 74 - 74 
.08 957.6 10 - 54 6.8 -214 - 66 - 59 
.09 958.1 10.5 - 50 7.2 -210 - 60 - 47 
.10 958.9 11 - 48 7.5 -204 - 51 - 41 
.15 962.1 13 - 37 9.1 -179 - 28 - 6 
.20 964.4 14.4 - 31 10.2 -161 - 5 11 
.25 967.3 15.6 - 16 10.9 -136 9 12.3 
.30 970 16.6 - 12 11. 2 -108 20 32 
.35 972. 7 17 - 6 11.4 - 56 27 40 
.40 973.6 17.5 1 11. 8 - 21 33 43 
.45 974.5 18.5 11 12.1 19 43 47 
.50 975 20.1 18 13.3 41 54 47 
.55 975.9 23.5 21 15.5 60 73 47 
.60 978.2 27.1 24 16.4 70 94 49 
.65 980.5 31 28 17.1 77 110 50 
.70 985 33.4 32 18.1 81 120 51 
.75 987.4 35 33 20.6 90 127 59 
.80 987.9 36.9 34 22.5 100 132 70 
.85 988 38.4 37 25.0 120 139 89 
.90 988.3 40.8 45 28. 5 151 149 126 
.91 988.6 41.2 54 29.2 160 151 139 
.92 988.8 42 64 30 169 155 152 
.93 989.1 42.8 71 30.2 180 159 169 
.94 989.5 43.4 72 31 190 164 184 
.95 990.1 44.3 73 31.5 202 169 198 
.96 990.9 45.5 74 32.1 218 173 214 
.97 992.1 47.1 76 33 240 177 238 
.98 993.2 48.6 79 33.8 260 181 261 
.99 996.2 - 83 - 293 189 291 
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Table 4.3-2. 
EXITING STORMS 
Prob p R e f d 
0 
90° 45° 
.01 947.6 4~5 -158 4.2 -310 -274 
.02 951.6 5.6 -138 5.4 -289 -234 
.03 954.3 6.8 
- 98 6.1 -273 -200 
.04 956.1 7.8 7 6.5 -260 -183 
.05 957.4 8.5 11 6.8 -242 -150 
.06 959 9.1 14 7.2 -231 -137 
.07 960.7 9.8 17 7.4 -220 -115 
.08 961.8 10.1 20 8.0 -210 -100 
.09 963 10.5 21 8.2 -200 - 90 
.10 963.4 11 23 8.5 -195 - 79 
.15 967.8 13 30 9.8 -159 - 30 
.20 971. 2 14.1 32 10.7 -130 - 16 
.25 975.4 15.2 34 11.6 -102 2 
.30 977 .9 15.9 36 12.3 - 82 9 
.35 978.9 16.1 38 13 - 58 20 
.40 979 17 39 13.4 - 35 28 
.45 979 17.8 41 14.6 - 10 30 
.50 980.2 19 42 15.5 10 35 
.55 984.1 21.6 53 16.1 35 46 
.60 985.1 24.1 56 16.9 56 47 
.65 986.4 25.9 58 17.7 80 49 
.70 987.1 26.9 60 18.7 100 51 
.75 987.9 28 62 20.6 130 60 
.80 989.1 29.1 64 23.9 150 63 
.85 990.1 31.4 68 26.2 177 71 
.90 990.6 34.5 76 28 195 100 
.91 990.9 35.3 78 28.4 200 109 
.92 991.2 37 81 28.8 205 118 
.93 991.9 38.5 84 29.3 212 132 
.94 992.1 40.2 90 29.9 216 150 
.95 992.9 41.8 96 30.4 220 172 
.96 993.4 44 105 31 226 193 
.97 994.9 46.1 119 31.6 230 210 
.98 995.6 48.8 144 37.7 234 245 
.99 996.1 - - - 240 286 
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Table 4.3-3. 
PASSING STORMS 
Prob p R e f d 0 
45° 00 
.01 - 3.1 -82 5.5 -144 - 72 
.02 951.6 8.8 -72 6 -108 - 45 
.03 956.1 10.4 -48 6.4 - 99 - 24 
.04 960.7 11.2 -23 6.8 - 91 - 13 
.05 963 11.8 - 1 7 - 86 - 1 
.06 964 12 1 7.2 - 80 9 
.07 965.1 12.1 2 7.4 - 78 17 
.08 966.1 12.2 3 7.8 - 71 24 
.09 967 12.3 4 7.9 - 62 29 
.10 967.8 12.7 5 8.1 - 56 35 
.15 970.9 13.4 14 9.3 18 54 
.20 973 14.2 18 12.1 55 62 
.25 975 15.1 22 13.8 80 74 
.30 976.8 15.9 24 14.6 92 92 
.35 977 .6 17.3 26 15.2 109 117 
.40 97_8.1 20 29 15.7 112 131 
.45 978.8 23.7 30 16 120 140 
.50 979.8 26.4 32 16.2 130 142 
.55 982.2 28.6 33 16.8 139 143 
.60 985 29.8 35 17.3 149 145 
.65 987.7 31.2 38 18.1 162 148 
.70 988.9 32.4 39 18.9 170 150 
.75 990 33.8 41 20.1 175 154 
.80 991.4 34.7 42 21.4 188 160 
.85 993 35.9 43 23.8 210 168 
.90 996.3 36.4 44 26.6 238 173 
.91 997.2 36.8 47 27.3 246 175 
.92 997.9 37 48 28.2 254 176 
.93 998.4 37.4 49 29.4 261 177 
.94 998.9 37.8 51 30.3 266 179 
.95 999.3 38.1 54 31.5 271 181 
.96 1000 38.5 56 32.4 281 182 
.97 1000.4 39.2 63 34 291 184 
.98 1000.5 40.3 72 - 300 186 
.99 1002.8 42.1 81 - 308 188 
920 940 960 980 1000 1020 
Chart Analysis 
Figure 4.22 Comparison between central pressures (in millibars) 
listed in the Climatological Report (NWS-15) and 
those obtained from the chart analysis. The meanings 
of the different symbols are discussed in the text. 
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Figure 4.23. Comparison between radius of maximum winds in 
nautical miles listed in the Climatological Report 
(NWS-15) and those obtained from the chart analysis. 
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Figure 4.24. Comparison between forward speed in knots listed 
in the Climatological Report (NWS-15) and those 
obtained from the chart analysis. Differences 
due to the recurvature effect, discussed in the 
text, are shown. 
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Figure 4.25. Comparison between approach angle in degrees from 
True North listed in the Climatological Report 
(NWS-15) and those obtained from the chart analysis. 
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pressure, radius of maximum winds, forward speed, and approach angle. 
4.5.1 Central Pressure Comparison 
Figure 4.22 shows a comparison between central pressures 
reported in the climatology report and obtained from the weather charts 
directly. Two features of this comparison attract immediate attention: 
the two sets of estimates seem uncorrelated, and the weather chart 
estimates are uniformly higher than the ones in the climatology report. 
Evidently, the estimate of central pressure depression is revised sub-
sequent to the preparation of the analysis charts. If a correlation 
can be found between the two methods of estimation, a correction can 
be applied to the analyzed chart value to produce an estimate of the 
revised value. Such a correction is desirable, because the storms run 
in the model for calibration used revised data. 
To examine the possibility of a correlation, the estimates of 
pressure were examined for position, on the storm track where the 
estimates were made. In cases where the two estimates were not made 
close together, the resulting points were eliminated from the scatter 
plots. The remaining points, shown by 0's, show a markedly improved 
correlation. The most distant outlier in the scatter plot is associated 
with a hurricane which occurred in September, 1944, during World War II. 
This point is also eliminated on the basis that reported data during 
this period were subject to severe pressures on accuracy. This point is 
shown as a circled X on the scatter plot. The remaining eleven points 
have a correlation of .8, significant at the 99% level. This being 
so, it is plausible to apply a bias to the chart pressures to estimate 
the revised pressures. The bias used was a constant value subtracted 
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from the chart pressures to give an unbiased estimate of revised 
pressures. The mean difference of the two series is 19.0 + 1.6 mb. 
Thus, we used a shifted axis of pressure to compute probability scales 
consistent with the model calibration and with previous work. The 
conservative value of 20.6 mb was used in the calculations. 
4.5.2 Radius o:f Maximum Winds 
This parameter is the most difficult of all the hurricane 
parameters to estimate. From the scatter plot, although estimates 
vary substantially, there seems to be little bias. The four points 
which lie on the line of agreement do so because, in lieu of being 
able to make an independent estimate, we used data from the Climatology 
Report. 
4.5.3 Forward Speed 
The correlation between forward speed estimated by the two 
methods in high, showing good agreement. An exception occurs in storms 
of low speed, where some of our estimates are substantially higher 
than those given in the Climatology Report. This difference is attributed 
to recurvature of some slowly moving storms. In such a case, our 
analysis of positions every two hours will yield a higher speed than 
an analyses of positions every 12 hours, as the latter describes a 
chord of a curve which the former more closely approximate. These 
storms are identified in a group on the scatter plot. 
4.5.4 Direction 
There is some difference in the directions of the two estimates 
for the storms. This difference is attributed to recurvature and a 
difference in position on the storm track for which the direction 
determinations were made. 
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5. ESTIMATION OF STORM SURGE PROBABILITIES 
5.1 Task Description 
At this point in the project development, we assume an 
operating, calibrated model of the storm surge in Chesapeake Bay due 
to hurricanes of given characteristics. In addition, we assume that 
given distributions of the hurricane parameter probabilities are 
valid estimates of climatological conditions. The task is then to 
convert these given input products into a set of characteristic storm 
surges which define the potential floods with a probability of occurrence 
assigned to each surge height. This output is to be used to calculate height-
frequency curves for each shoreline point on Chesapeake Bay. The 
emphasis in this task is to obtain high resolution in the high surge, 
low frequency end of the curve where definition is not already obtained 
from existing tide gauge records. The approach is to assign proba-
bilities to a suitable set of model run results to obtain the desired 
resolution at each shoreline point. 
5.1.l Input from the Model 
A set of values for the five hurricane parameters discussed 
in Chapter 4 and the basic geometric and dynamic schematization of the 
study area, as outlined in the companion volume to this report (Chen, 
1978), comprise the input for each model run. The output of each run 
consists of calculated water surface elevation and current for each 
element of the schematization, for every time step of the run. The 
total number of time steps for each run is determined by the geographic 
location of the modelled storm as well as by upper and lower limits on 
the number of time steps. These limi,ts bracket the time needed for 
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propagation of the highest surge. This surge output, recorded on 
magnetic tape, comprises more than 2 megabytes of data per run. A 
printed sample of selected results and a sunnnary of the surges are 
also provided as a means to monitor the performance of the model. 
Since our interest centers only on certain principal 
locations in the Bay, the "raw" model output is reduced by an ancilliary 
program which picks off the elevations at the places corresponding to 
the stations of interest and cumulates these hydrographs on disk files, 
one for each station. Each model run thus adds a hydrograph time-
series to each station file. These station files then can readily be 
accessed for analysis and used as input to the subsequent height-
frequency curve generation. 
5.1.2 Hurricane Parameter Statistics Input 
The hurricane parameter statistics are in the form of graphs 
and tables, given in Chapter 4. Each table and graph is of the proba-
bility, given that a hurricane has occurred, that the parameter has a 
value less than the value of the abscissa. The parameters chosen are 
central pressure (P ), radius of maximum winds (R), forward speed (f), 
0 
angle of approach (8), and an approach distance (d) whose absolute 
value is close to the distance between the storm track and the origin 
at 37°N, 76°w. These parameters are described in Chapter 4. 
5.1.3 Required Output for the Following Tasks 
If the joint probability space of parameters is considered 
as an n-dimensional space, it consists of a volume inn dimensions in 
which a joint probability density may be assigned to each point such 
69 
that the integral over the entire n-dimensional volume of the proba-
bility density equals unity. The output from this task is a partition 
of our 5 dimensional space such that the storm surge in each subspace 
is similar to the nominal storm surge chosen to represent the subspace. 
The probability associated with each such subspace is calculated from 
the partition limits and associated with the hydrographs generated by 
the nominal storm. This set of probabilities is the input to the 
successive steps of the project. 
5.2 Problem Structure 
The model result of prime interest for the problem at hand 
is the highest value of a surge generated by the model at each coastline 
point. This can be represented by a 1-dimensional set of numbers, the 
model location numbers at the shoreline points of the Bay being a con-
venient ordering set. The rest of the hydrograph is also important in 
ascertaining the likelihood of a given surge plus tide height from the 
given storm. If a single coastal point is considered, the resulting 
height reduces to a scalar value, which we name h 
max. 
5.2.1 Model Response in Six Dimensional Space 
Given the calibrated model, h is itself a function of all 
max 
the hurricane input parameters. As there are five of these parameters, 
a complete response analysis of the model would produce, for each 
coastal point of interest, h as a function of the five hurricane 
max 
parameters. If this effort were undertaken directly, it would require 
limitless numbers of computer runs, not only because the space has six 
dimensions in total but also because some of the parameters are not 
limited in the model formulation. 
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5.2.2 Storm Probability in Five Dimensional Space 
Limits to the effort in calculating the response of the 
model can be imposed by eliminating those combinations of parameters 
which are extremely unlikely to occur, given that the elimination 
process is done in a consistent manner. Also, as probability is the 
desired product of the effort, the probability associated with a given 
set of parameters is of interest in its own right. The probability 
density function for storms is a function of the five storm parameters. 
In contrast to the model response function, the probability density 
function is either zero or approaches zero asymptotically as the 
parameters either reach fixed limits or extend toward infinity. It is 
this property which allows boundaries to be selected for the model 
parameters chosen to build height frequency curves. 
5.2.3 Concise Statement of the Task 
If we consider a given coastal point, the two sets of 
parameters for the multidimensional spaces can be made identical: the 
hurricane parameters. The joint probability density function (P(P ,R,f,8,d)) 
0 
and h are then defined on the same space. The probability, then, 
max 
that h is greater than a given level, hL' is the integral of the 
max 
probability density function over the region in parameter space where 
h exceeds hL. The need, then, is to estimate this integral from a 
max 
finite number of storms by associating the peak surges from the storm 
response analysis with a certain range in parameter space and calculating 
the integral of the probability density within that same range. 
5.2.4 A Two-Dimensional Graphical Analog 
A concept of the problem and our solution approach are 
illustrated in figure 5.1. For a given coastal point, h is a 
max 
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single valued function of the storm parameters, represented by only two 
pa~ameters for the illustration, parameter 1 and parameter 2. Figure 
5.la shows contours of h as a function of the two parameters. These 
max 
contours are unknown at the outset, with the exception of a few points 
which were produced by the calibration of the model. The first task is 
to search, using model runs, the various storm parameters to find all 
of the regions which have large values of h • A single such region, 
max 
with values of h > h, is shown in Figure 5.la. In doing this search, 
max o 
values of h , determined from model runs, are determined at points 
max 
marked by circled x's. At the close of this search, regions of appli-
cability for each run are defined, in the present case by the dashed 
rectangles. 
no overlap. 
These regions should cover the entire parameter space with 
For the present task, the regions with large h 's were 
max 
defined more closely than those with low h 's because the probability 
max 
curve is to be generated for the high surge regions of the frequency line. 
If this were the only processing needed, the known probability density 
function (from the climatological analysis) would be integrated within 
the indicated dashed rectangle in Figure 5.lb approximating the actual 
(but unknown) curve defined by the h contour. The resulting integrated 
0 
value would then be the probability that the generated surges would 
exceed h. 
0 
As the hydrographs from the model are to be combined with the 
tides generated in a following step, this final integration is not 
done. Instead, the probabilities for each run are calculated corres-
ponding to the bounds of applicability chosen above. The resulting 
probability is thus passed to the next step with the hydrograph for 
each model run. 
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a b 
Probability for 
h for a Given Station Regional Hurricane Parameter 
max 
Parameter 1 (~) Parameter 1 (~) 
Figure 5.1. a. Model response (contours of equal hmax) at a 
given location as a function of two parameters, 
parameter 1 and parameter 2. Points marked by® 
correspond to model runs. Dashed lines denote 
regions in parameter space assigned to each model 
run. The contour which surrounds all hmax> h0 is 
emphasized. b. Probability density contours for 
the same parameter values as a. The region of 
parameter space for which hmax> h0 is transferred 
from a as well as the approximation to this space 
from the boxes around the three storms with h > h. 
max o 
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5.3 Simplifying Assumptions and Approaches 
The task of filling the 5 dimensional probability space with 
a dense set of model runs to generate surge hydrographs is a formidable 
one. The task and the total number of model runs needed to fill the 
parameter space suitably with hydrographs were both substantially 
reduced by using the following assumptions and methods. 
5.3.1 Use of the Highest Surge on the Hydrograph (h ) to 
max 
Represent the Surge for the Response Investigation 
Each hydrograph consists of about three hundred numbers, 
representing sequential values of non-tidal water height. We have 
chosen the highest of these numbers (h ) to represent the entire 
max 
surge in the response analysis. This simplification will produce, at 
worst, a non-optimum weighting of hydrographs in the unlikely event 
that two or more types of storm surge occur, one type with a duration 
much longer than the tidal period and one with a duration much shorter 
than the tidal period. 
5.3.2 Response Analysis Reduction 
The model employs 118 gridpoints to describe the shoreline 
of Chesapeake Bay. Not all of the gridpoints have independent results, 
or else the model would be invalid. Early trial runs of the model 
established several areas of the Bay which seemed particularly suscep-
tible to high surges. As the high surge regions seemed to be arranged 
aa what might be interpreted as normal modes of the system, a subset 
of given gridpoints was inspected to indicate model response. This 
subset also corresponded to the stations where available tide records 
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exist. The gridpoints chosen correspond to Havre de Grace, Baltimore, 
Gloucester Point, Kiptopeke Beach and Hampton Roads. The heights 
(h ) of each of these stations were recorded for all the model runs 
max 
as a function of the storm parameters. 
5.3.3 Emphasis on Resolution of High Surges 
Many of the storms in the study region, particularly those 
offshore, produced surges of less than a meter at all five of the 
indicator stations. For regions in parameter space containing such 
storms exclusively, a single run was chosen to represent the 
entire region. The resources thus made available were used to 
examine in greater detail regions where high surges do occur. There 
are two rationales for this approach. The first is that the higher 
surges, those beyond the .01 per year frequency level, are the ones of most 
interest to the end user of the data. The second is that the frequent 
storm surge heights are, at least at some stations, already known from 
the tide gauge data available to us, so the model will produce little 
new information here. 
5.3.4 Approximate Linearity of Pressure Response 
A great simplification in execution of this task was achieved 
by noting in the trial runs of the model that the highest surge generated 
was a nearly linear function of central pressure depression. The 
details of this observation are presented in Volume II of this 
report (Chen, 1978), and theoretical and historical discussions are 
presented in the Climatological Report (Ho, et al, 1976). By taking 
advantage of this observation, we were able to reduce the dimension 
of the parameter space we needed to investigate by one, leaving four 
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parameters of importance ( R, e, f and d). As we generated five sets 
of hydrographs from e:ach model run by this procedure, the number of 
model runs needed to describe the response of the model was reduced 
by 80%. 
5.3.5 Independence Within Storm Types of P, R, f and 8 
0 
The joint probability for the four parameters P (central 
0 
pressure value), R (radius of maximum winds), f (forward speed of 
travel) and 8 {approach angle) is the product of the individual prob-
abilities for these parameters. This permits a description of the 
joint probability distribution for a given region of parameter space 
from tables of cumulative probabilities for each individual parameter 
given in Chapter 4. This independence was the primary reason that, 
for descriptive purposes, the storms were separated into three types: 
landfalling, exiting and passing. 
5.3.6 Preassignment of Approach Angle Classes 
The problem of assigning probabilities to results was further 
simplified by choosing 8 nominal classes of approach angle (8). Thus 
approach angles were divided into 8 classes centered at the primary 
points of the compass (N,NE,E,SE,S,SW,W,NW). 
5.4 Actual Partition of the Remaining 4-Dimensional Parameter Space 
The four dj~mensional space was thus separated into 8 3-
dimensional subspaces for the purpose of evaluating response and assign-
ing limits of applicability to the various run results. One can 
imagine a series of eight cubes, perhaps buildings, corresponding to 
the eight direction classes. Within each cube, the height corresponds 
to forward (f) speed'., the eastward position corresponds to the direction 
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parameter (d), and the northward position corresponds to the radius of 
maximum winds (R). J~ach model run, can thus be located at a given 
point in its building. Around each model run point, an oblong parameter 
subspace is constructed. The parameter space volume associated with each 
run is the volume of this space multiplied by 1/8, the fraction of approach 
angles assigned to each cube. These spaces must be chosen both to com-
pletely fill each bu:llding with no overlap, and so that the responses 
within the interior of each subspace are well represented by the model 
run corresponding to that subspace. 
5.4.1 Mechanics of Surge Probability Assignment 
Assignment of probabilities to the runs which represent the 
sample space is done by several computer subroutines. Inputs to these 
subroutines include the storm parameters which define the hurricane 
in the model, the surge hydrograph for each run, the cumulative prob-
ability tables derivc~d from the historical data (Tables 4.3), and the 
probability-class boundary definition for each run of interest. 
Associated with each model run is a unique identifier used 
to index the ensemble of runs. The entire ensemble was surveyed and 
mapped into probabil:ity space as explained in Section 5.2. By this 
method, probability classes could be defined for each parameter such 
that a particular value of the given parameter is representative of a 
whole class of values on the axis of that parameter in probability space. 
Model runs were selected to represent fully, without duplication, the 
parameter space of interest. A small portion of possible storms were 
not included in the analysis as explained in Chapter 8. 
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Analysis of the historic data shows that the probabilities 
associated with any given parameter are a function of the storm type 
(landfalling, exiting and passing). Thus, given a particular storm 
and its track through the study area, we can assign three normalized 
values for the probabilities that this storm could be classed as each 
of the three types. Using each value in turn and the appropriate 
parameter probabilities, the following scheme is used to derive the 
joint probabilities. 
The routines, using the identifier for a particular run, search 
the class definition table for the boundaries of the class of values to 
be represented by each parameter, then step through the cumulative prob-
ability table for each parameter to determine the cumulative probabilities 
of the upper and lower limits of that class. The probability of 
occurrence of that class is the difference between the cumulative 
probabilities of the upper and lower boundaries. Probabilities of 
values falling betwe.en the 5% intervals in the cumulative probability 
table were assigned by linear interpolation. 
This method was applied directly in determining the proba-
bilities to be associated with 3 of the 5 parameters: radius of 
maximum winds, forward speed, and angle of approach. The distribution 
of the possible valu1es for the approach distance is a function of 
the direction of app:roach. Having quantized the direction into 8 classes, 
we could then condition the probability of occurrence of a distance 
class on the direction class. Thus eight cumulative probability tables 
were supplied, one for each direction class, to provide conditional 
probabilities of occurrence of a particular distance between the storm 
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track and the origin, given the angle of approach of the storm. 
The fifth parameter, central pressure, was handled in a 
different manner. Thia theory behind the surge model, backed by analysis 
of the early runs of the model, assures a linear relation between the 
central pressure parameter and the maximum surge predicted at any 
element in the schematization. Use of this linear relation in the 
probability assignments consisted of normalizing the pressure for each 
run to a standard, th1an developing five hydrographs from the single 
"standardized" hydrog:raph supplied by the model. Each of these five 
new hydrographs has a probability of occurrence based on the joint 
probabilities of the previously explained four parameters and the 
probability of occurr,ence of the respective central pressure class. 
Thus the probability associated with any one of the five 
surge hydrographs der.ived from each model run is 
where 
3 
PS= T~l PTPRITpflTPGITpdlGITPPOIT, 
PT is the probability that the storm is of Type 1 (land-
falling), Type 2 (exiting) and Type 3 (passing), 
PRIT is the probability that this class of radii of maximum 
winds occurs given the storm type, 
Pf IT is the probability that this class of forward speeds 
occurs given the storm type, 
PGIT is the probability that this class of approach angles 
occurs given the storm type, 
PdlGIT is the probability that this class of distances between 
the track and origin occurs given the angle of approach 
and storm track, and 
is the probability that this class of pressures will 
occur given the storm type. 
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6. MODEL OF ASTRONOMICAL TIDE AND 
COMBINATION WITH STORM SURGE 
6.1 Characteristics of the Astronomical Tide 
The astronomical tide throughout Chesapeake Bay is predomi-
nantly semidiurnal with two high waters and two low waters per lunar 
day of 24.84 solar hours. There is a tendency toward mixed diurnal-
semidiurnal condit.ions in the upper half of the bay which is manifested 
by an inequality in successive low water heights in the vicinity of the 
Choptank River and an inequality in successive high water heights in 
the upper quarter of the bay (Hicks, 1964). The mean tidal range 
progressively decr,eases from 3. 0 feet at the entranc,e to a minimum of 
0.9 feet at Annapolis, Maryland, increasing thereafter to about 2.0 
feet at the head of the bay. Due to the Coriolis effect, tidal ranges 
tend to be larger along the eastern as opposed to the western shore at 
a given latitude, particularly in the wider lower half of the bay. 
In addition to the predominant semidiurnal cycle, there are 
important seasonal cycles in water level within the bay. These are 
commonly included in tidal predictions by means of the solar annual 
(Sa) and solar semiannual (Ssa) tidal constituents. These two 
constituents, each of which is represented by a simple sine wave, 
have periods determined by annual and semiannual cycles in solar 
declination and distance. Their amplitudes and phases, however, are 
primarily a function of yearly meteorological variations influencing 
sea level. UnlikE~ other tidal constituents, amplitudes and phases for 
Sa and Ssa are usually determined separately by an analysis of monthly 
mean sea level values obtained at tide stations possessing several 
years of record. We obtained the official constants used at primary 
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tide stations from the Tidal Predictions Branch of the National Ocean 
Survey. The resultant curves (Sa+ Ssa) for five primary tide stations 
in Chesapeake Bay are shown in figures 6.1 - 6.3. As can be seen from 
these figures, seasonal variations are clearly significant in relation 
to daily variations typified by the mean range of tide, particularly 
at the upper bay stations of Annapolis and Baltimore. 
6.2 Astronomical Tide Model 
Accurate daily predictions of the astronomical tide are 
made using a linear combination of harmonic terms representing many 
other tidal constituents in addition to those mentioned above. How-
ever, the representation of such tides on the basis of their expected 
random occurrence in combination with storm surges requires a proba-
bilistic model in which certain simplifications are made first. For 
present purposes, a probabilistic model of the astronomical tide in 
Chesapeake Bay can be constructed using 
where 
A(t) = ~DMRcos(wt-<f>) + SMSL 
DMR = daily mean range of tide 
0 
w = 360/12.42 = 28.9841 /hour 
<f> = phase angle relative to t=O 
SMSL = seasonal mean sea level. 
(6.1) 
Before describing the combination of the astronomical tide 
with simulated tropical storm surges, a brief description of the 
terms in equation (6.1) and their method of derivation is in order. 
Daily mean range is computed as the difference between the 
mean of the predicted high water heights and the mean of the predicted 
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Figure 6.2. Combined Solar Annual(Sa) and Solar 
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Figure 6. 3. Combined Solar Annual(Sa) and Solar 
Serniannual(Ssa) Tide at Hampton Roads,Va. 
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low water heights calculated daily. When only one high or low water 
is predicted during a solar day, this value is used in place of the 
usual two expected under semidiurnal conditions. A computer program 
was written to accomplish statistical tabulations of DMR values 
using the prediction formula of Schureman (1941) and the required 
tidal constants excluding Sa and Ssa. The constants for a selected 
number of stations in Chesapeake Bay (Table 3.1) were obtained from 
the Tides and Water Levels Branch of the National Ocean Survey. 
DMR values were then computed daily during the months of July, 
August, September and October in the current National Tidal Datum 
Epoch (1941-1959) and used to construct cumulative probability dis-
tributions as illustrated in Figure 6.4. Depending upon the overall 
amount of DMR variation, each probability distribution was divided 
into either four or six classes as shown in the figure and the 
average DMR value found in each class. Class-averaged DMR values and 
their associated probability of occurrence at each station are listed 
in Table 6.1. 
The phase angle,~' fixes the displacement of the astronomical 
tide curve relative: to an arbitrary time origin which is also the time 
origin for the simulated surge. Since we assume that any combination 
of phases governing the time histories of surge and astronomical tide 
0 is as likely as any other, the fundamental cycle of 360 has been 
qivided into a number of equal phase displacements with equal probability 
of occurrence. Sufficient resolution of all possible tidal maxima 
occurring during a full 360° displacement is achieved using 24 discrete 
phase displacements of 15° each (equivalent to a time increment of 
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TABLE 6 .1. CLASS AVERAGES OF DAILY MEAN RANGE (DMR) AND PROBABILITY OF 
OCCURRENCE VALUES AT SELECTED STATIONS IN CHESAPEAKE BAY. 
STATION CLASS DMR(feet) PROBABILITY 
1. Havre De Grace, Md. 4 2.05 0.25 
3 1. 78 0.25 
2 1.65 0.25 
1 1.50 0.25 
2. ~etterton, Md. 4 1. 78 0.25 
3 1.59 0.25 
2 1.47 0.25 
1 1.30 0.25 
3. Tolchester, Md. 4 1.37 0.25 
3 1.19 0.25 
2 1.06 0.25 
1 0.86 0.25 
4. Baltimore, Md. 4 1.27 0.25 
3 1.07 0.25 
2 0.92 0.25 
1 o. 72 0.25 
5. Love Point, Md. 4 1. 38 0.25 
3 1.18 0.25 
2 1.02 0.25 
1 0.78 0.25 
6. Matapeake, Md. 4 1.21 0.25 
3 1.03 0.25 
2 0.92 0.25 
1 0.75 0.25 
7. Cambridge, Md~ 4 1.86 0.25 
3 1.63 0.25 
2 1.50 0.25 
1 1.27 0.25 
8. Annapolis, Md. 4 0.98 0.25 
3 0.85 0.25 
2 0.74 0.25 
1 0.56 0.25 
9. Chesapeake Beach, Md. 4 1.15 0.25 
3 1.00 0.25 
2 0.91 0.25 
1 o. 77 0.25 
10. Cove Point, Md .. 4 1.56 0.25 
3 1.34 0.25 
2 1. 20 0.25 
1 1.03 0.25 
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TABLE 6 • 1 (Cont' d. ) 
STATION CLASS DMR(feet) PROBABILITY 
11. Solomons Island, Md. 4 1.35 0.25 
3 1.20 0.25 
2 1.10 0.25 
1 0.94 0.25 
12. Hoopers Island,, Md. 4 1.87 0.25 
3 1.56 0.25 
2 1.40 0.25 
1 1.18 0.25 
13. Chance, Md. 4 2.46 0.25 
3 2.06 0.25 
2 1.83 0.25 
1 1.53 0.25 
14. Cornfield Harbor, Md . 4 1.50 0.25 
3 1.28 0.25 
2 1.13 0.25 
1 0.94 0.25 
15. Crisfield, Md. 4 2.45 0.25 
3 2.03 0.25 
2 1. 77 0.25 
1 1.33 0.25 
16. Guard Shores, Va. 4 2. 77 0.25 
3 2.31 0.25 
2 2.05 0.25 
1 1.68 0.25 
17. Windmill Point, Va. 4 1.45 0.25 
3 1.20 0.25 
2 1.05 0.25 
1 0.86 0.25 
18. Gaskin Point, Va. 4 2.10 0.25 
3 1. 75 0.25 
2 1.55 0.25 
1 1.29 0.25 
19. Eastville, Va. 4 2.32 0.25 
3 1.95 o.25 
2 1. 72 0.25 
1 1.35 0.25 
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TABLE 6 . l (Cont ' d • ) 
STATION CLASS DMR(feet) PROBABILITY 
20. Gloucester Point, Va. 6 3.22 0.10 
5 2.80 0.20 
4 2.48 0.20 
3 2.25 0.20 
2 1.98 0.20 
1 1.62 0.10 
21. Kiptopeke, Va. 6 3.56 0.10 
5 3.13 0.20 
4 2.77 0.20 
3 2.50 0.20 
2 2.21 0.20 
1 1.81 0.10 
22. Hampton Roads, Va. 6 3.25 0.10 
5 2.82 0.20 
4 2.51 0.20 
3 2.30 0.20 
2 2.01 0.20 
1 1. 70 0.10 
23. Little Creek, Va. 6 3.54 0.10 
5 3.05 0.20 
4 2.66 0.20 
3 2.41 0.20 
2 2.11 0.20 
1 1. 74 0.10 
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approximately 31 mi.nutes). The probability associated with each of 
these displacements is therefore 1/24. 
Seasonal mean sea level (SMSL) is treated as an adjustment 
to the basic datum of reference (19-year mean sea level, National 
Tidal Datum Epoch) reflecting sea level conditions characteristic 
of the tropical storm/hurricane season. In deriving this adjustment, 
the relative numbers of tropical storms and hurricanes expected during 
the months of July, August, September and October were used to obtain 
a single weighted average of monthly mean sea level at each station 
as illustrated in figures 6.1 - 6.3. Storm frequency analysis indi-
cates that the expected numbers are 0.13, 0.27, 0.39, and 0.21, 
respectively, for the above months as previously reported for the 
outer coast of Virginia (Ho, et al., 1976). Figure 6.5 contains 
the weighted SMSL values representing the five primary tide stations 
plotted against distance from the bay entrance. The apparent trend 
in the data togethe~r with the slight amount of change observed (about 
0.1 foot) justifies the use of interpolation to obtain SMSL at inter-
mediate stations within the Bay. 
6.3 Combination of Astronomical Tide and Storm Surge 
The time-varying height of tide observed at a recording 
station during a major tropical storm or hurricane is assumed to 
consist of two independent components: 
S(t) - The surge or variation in water level due to 
the effects of the storm, 
A(t) - The astronomical or "predicted" tide due to 
periodic gravitational forces acting between 
the earth, moon and sun. 
The total tide is therefore represented by 
H(t) = S(t) + A(t) (6 ·2 ) 
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and the quantity of interest, the maximum tide produced by the combina-
tion, is given by 
HMAX = (S(t) + A(t)) 
tMAX 
(6 .3) 
Note that the time of the maximum tide, tMAX' need not coincide with 
either the time of the maximum surge or the time of maximum astronomical 
tide. 
In comparatively shallow waterways, such as those of Chesapeake 
Bay, there may be an element of dependence or interaction between S(t) 
and A(t). The interactive component is often reflected in a change of 
phase in the astronomical tide that occurs as a result of the surge. 
However, since S(t) and A(t) are phase-independent events to begin 
with, height deviations due to this type of interactive component will 
vary in a random fashion from one storm to the next. For the purposes 
of this investigatj_on, net interactive effects are assumed to be 
negligible when dealing with a large number of hypothetical S(t) and 
A(t) combinations. Delayed effects such as water level rise due to 
storm-induced runoff are also neglected within the main body of 
Chesapeake Bay. 
For the reasons just discussed, each hypothetical surge 
curve generated by the storm surge model and assigned a specific prob-
ability of occurrence must be combined one-to-one with a representative 
collection of astronomical tide curves, each with a known probability 
of occurrence, for the location in question. The total tide for 
each combination is then scanned for the maximum height using a 
computer algorithm. 
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6.4 Joint Probabi.lity Density of Maximum Tides 
As outline:d in Chapter 2, Method of Approach, model simulation 
of tidal maxima assumes that each combination of independent parameters 
producing a maximum tide has a joint probability of occurrence equal to 
the product of the individual probabilities associated with those 
parameters. If the joint probability reflecting a given combination of 
climatological parameters producing a surge is denoted by P8 , then 
p HMAX = p S p <P p DMR (6 · 4) 
where PHMAX = probability of maximum tide 
P<P = probability of phase displacement, <P 
PDMR = probability of daily mean range value 
In words, PHMAX is the probability that exists beforehand 
that any one storm, its surge and accompanying astronomical tide will 
match all of the parameters specified and will produce a maximum tide 
equal to "MAx at thE! location in question. Obviously the possibility 
exists that the samE! value of "MAx may result in a number of different 
ways reflecting different combinations of parameters, each combination 
having a unique joint probability value. Therefore the net probability 
associated with HMAX (or small incremental range of "MAx values) must 
be found as the sum of the joint probabilities from all combinations 
yielding a similar value of "MAx· Net probabilities for "MAx calculated 
at 0.1 foot intervals over a full range of heights are then used as an 
approximation of the "MAx probability density function. 
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7. DETERMINATION OF HEIGHT FREQUENCY DUE TO ALL CAUSES 
The height frequencies which we determine in this study 
are those resulting from all causes including, 1.) tropical storm and 
hurricane surge combined with the astronomical tide, and 2.) extra-
tropical storm surge including the astronomical tide. For the 
latter storm category, historical analysis of observed tides is 
used, whereas models of both surge and astronomical tide are required 
to develop the height-frequency relationship in the former category. 
7.1 Annual Frequency of Tropical Storm Tides 
The probability associated with a given height of tide may 
be converted to an annual frequency estimate (number expected per 
year at that height) once the limiting frequency or total number of 
events expected in any one year is known for the population of tides 
defined. The limiting frequency for tropical storm tides can be 
estimated in either of two ways: 
1. fs, Limiting frequency of tropical storm tides observed 
at primary tide stations - This is the frequency limit 
directly inferred from the record of tides. It is equal 
to tht~ number of independent tidal maxima with measurable 
surge caused by a hurricane or tropical storm divided 
by thE~ number of years of record for the station. Each 
of thE~ tropical storm curves shown in Figs. 3. 2-3. 6 
converges to a different value offs and, as shown in 
Fig. 7.1 for the four primary stations with more than 
30 years of record, these values decrease almost 
linearly with distance inland from the Bay mouth. 
2. fH, Annual frequency of tropical storms entering region 
of analysis - This frequency is based on a count of 
tropical storm events in the analysis region. In this 
study, fH was derived from tracked storms of record 
enter:lng Area C in Fig. 4.2, namely, 123 storms in 
78 years or fH = 1.58 storms per year. 
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The probab:ilities of simulated tidal maxima produced by 
the combined surge and astronomical tide models (discussed in Chapter 
6) are based partly on historical data within Area C and subareas 
A, B of Fig. 4.2 as explained in Chapter 4. As required by the surge 
model, distributions of tropical storm parameters and their probability 
of occurrence are d1~rived on a weighted basis for the study region 
as a whole rather than for specific geographic positions. It follows 
that the annual frequency for a given maximum tide height at a given 
geographic position in the simulation analysis,~' is 
where EPHMAX is the net probability attributed to HMAX using all 
possible parameter class combinations that produce~ at that 
position in the model output. 
Diminishing f values in Fig. 7.1 imply that a number of 
s 
parameter combinations used as model input produce little or no 
surge particularly within the upper Bay, so that the resultant~ 
for these combinations consists largely of the simulated astronomical 
tide. In application, maximum tides consisting of the astronomical 
tide alone should b1~ ignored since they have nothing to do with storm 
tide frequency. As these tides appear on the height frequency curves 
as a "nose" extending from fH to fs, they are easily recognized and 
may be ignored. 
7.2 Height Frequency Distribution of Tropical Storm Tides 
The height frequency distribution of tropical storm tides 
was developed as th,e cumulative sum of computed annual frequencies, 
96 
fHMAX' taken in 0.1. foot increments in descending order of height 
above MSL. A separate distribution was obtained from the model 
results for each of the stations listed in Table 3.1. These simulated 
distributions are a statistical expression of the number of tropical 
storm and hurricanei tides expected in any one year that will equal or 
exceed the indicated height above MSL. As such they are identical in 
form to the limited. distributions presented for observed tropical 
storm/hurricane tides at the five primary tide stations in Chesapeake 
Bay (Fig$. 3.2-3.6) which are reproduced in Figs. 7.2-7.6 for com-
parison with the si.mulated results. 
In comparing the simulated and observed tropical storm data, 
two separate model verifications were performed as a check on the 
various assumptions inherent in modeling tropical storms in the 
Chesapeake Bay system. The latter include a frequency verification 
and a height verification. 
7.2.1 Frequency Verification 
The height frequency curves produced by the model show the 
surges to be expected at each station given that a storm enters the 
analysis region. As shown in figure 7.1, the annual frequency of 
storms producing me:asurable surges at a tide station diminishes 
substantially as the distance from the mouth of Chesapeake Bay 
increases. This implies that a substantial number of the hurricanes 
used in the model produce no measurable surge in the upper Bay. The 
height frequency relation for those storms which have model runs but 
no measurable storm surge should be that of the astronomical tides 
alone. The net height-frequency curves generated by the model, then, 
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should resemble th,e tide only curves at frequencies above the storm 
surge frequency, f, at each station. Below this frequency, the 
s 
curve should match the storm surge curve for tropical surges. Thus, 
we anticipate that the height-frequency curves for modelled stations 
in the upper Bay w:Lll have two parts: a high frequency part, cul-
minating in fH and resembling the tide curve, and a low frequency 
part, resembling the observed storm surge frequencies. The break 
in these curves should be near f. 
s 
7.2.2 Height Verification 
Below th1~ transition frequency at which tropical storms 
dominate the curve, both the observed and model generated curves 
increase monotonically in height with decreasing frequency. With 
this increase, the observed curves become more uncertain, the final 
point Qsually being a step increase corresponding to the largest 
surge height observed during the period of record. The model 
generated curve, in contrast, has a frequency estimate generated for 
each 0.1 foot in hE~ight. The model runs also possess a highest 
value and exhibit uncertainty at frequencies below 1 occurrence per 
thousand years. The step appearance of the observed data is smoothed 
out in the model results when they are combined with the astronomical 
tide. As a verification of heights, we compare the trend of the 
observed curve with the slope and height of the curve generated from 
the model runs. 
7.2.3 Verification Data 
The height-frequency curves for Hampton Roads from the 
model do not show a break between tide and surge curves, so the 
model interpretation off cannot be made there. The other estimates 
s 
are shown in table 7.1. 
103 
Table 7.1. Comparison of Annual Frequency of 
Detectable Surges from Tropical Storms 
and Hurricanes (fs) between Observed 
and Model Generated Results 
Station Observed fs Simulated f 
(From Fig. 7.1) s 
SOLI .46 .55 
ANNA .30 .48 
BALT .22 .48 
The height verifications can be obtained qualitatively from Figures 
7.2 - 7.6. The most exposed station in the upper Bay is Annapolis. 
A difference of about half a foot is found at low surge values. As 
the surge height increases, the model prediction approaches the observed 
data until, at a frequency of about 1 in 15 years, no difference is dis-
cernable. At all heights above 1 meter, the cutoff point we used in 
choosing significant storms, the difference is less than 3 inches. The 
slopes of the two curves are nearly the same above the 1 meter 
level, with the model curve being perhaps slightly conservative. 
The other upper Bay station is Baltimore. This station has a 
maximum difference between predicted and observed surges of 0.7 
ft. at a height of about 4 feet. Once again, this discrepancy 
vanishes as the height approaches 7 feet, the end of the observed 
data. The middle of the Bay is represented by an exposed location 
at Solomons Island, in Maryland at the mouth of the Patuxent River. 
Within the range of observations, the agreement is everywhere within 
.7 f~et. The model curve is somewhat more conservative than the 
observed curve here. The lower part of the Bay is represented by 
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the observations at Hampton Roads and Kiptopeke Beach. At Hampton 
Roads (Fig. 7.5), the observed data and the model curve agree at 
lower elevations (2:-4 feet MSL) but at higher elevations the model 
curve systematically falls below the observed data until an approxi-
mate difference of about one foot is reached at a frequency of about 
1 in 50 years (f = 0.02). This difference is further discussed in 
Chapter 9. For Kiptopeke Beach (Fig. 7.6), the model curve is every-
where within O. 5 f €'.et of the observed data and shows a slightly con-
servative trend. The 24 years of record at the latte·r station, how-
ever, do not permit a comparison at the lower frequencies of interest. 
7.2.4 Discussion of the Verification 
In the upper Bay, the verification data all follow a 
similar pattern. First, as the model gridpoint approaches the tide 
stations used for comparison, the model results approach the observed 
results within a small fraction of a foot. The discrepancies are 
greatest at low values of surge, values which were not modeled with 
great resolution, as explained in Chapter 5. The stations which 
have the largest discrepancies are those with tide stations placed 
farthest from the Bay in tributary rivers. It is plausible that the 
model reproduces the surge produced by wind stress and pressure drop 
within the Bay to within 0.1 foot, and that the larger discrepancies 
in the tributary rivers are due to rainfall and local wind stress 
effects within the confines of the small tributaries. In the lower 
Bay, the situation is not so clear. For Hampton Roads, the tide gauge 
is located at Sewell's Point at the James River entrance. The surge 
height at that location is affected strongly by the effect of a given 
hurricane on the James River as well as that on Chesapeake Bay. While 
the model appears to underestimate the Hampton Roads record, it 
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appears to overesti.mate the record of Kiptopeke Beach. The Kiptopeke 
station has only 24 years of data, and it may not yet have experienced 
a large enough sample of hurricanessuch that its estimates are stable. 
height. 
The verification off is less indicative than that of 
s 
The height values at which f is estimated are all well below 
s 
the 1 meter value, which was chosen as a cutoff point for surges of 
interest, as discussed in Chapter 5. We expect that the lower levels 
of the distribution curve for tropical storms with small surges are 
not well represented by the model results, which were arranged to put 
the greatest resolution on storms with large surges. That this 
expectation is the case is further indicated by the step in the 
model curves: at the lowest values of height. That step is caused 
by the low resolution of the chosen model run combination scheme at 
low values of surge height. 
7.3 Contribution of Extratropical Storm Tides 
As noted in Chapter 2 (Sec. 2.4, Fig. 2.1), the total dis-
tribution of maximum tides due to all types of storms is equal to 
the sum of frequenc~es from the extratropical height frequency dis-
tribution (due to wtnter storms or "Northeasters") and frequencies 
for tropical storms and hurricanes at corresponding heights. 
Using the historical data presented in Chapter 3, extra-
tropical height frequency distributions were constructed for each of 
the five primary tide stations in the Bay by fitting an exponential 
least squares curve to the data points within the region of linearity1 . 
1Points at the lowest frequencies present in the sample record were 
ignored because of their limited resolution as explained in 
Chapter 3. 
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All five curves are shown in Fig. 7.7 with heights referred to MHW 
as an adjustment for mean range differences between stations to 
facilitate comparison. The curves differ mainly in their respective 
slopes, the greatest slope being that for Hampton Roads, Virginia, 
which has direct exposure to the Atlantic and northeasterly storms. 
At the remaining four locations, there appears to be a similarity 
between slopes with the least slope occurring at Solomons Island 
near the middle of the Bay. In view of the limited number of primary 
tfde stations available, however, no additional conclusions can be 
reached concerning extratropical height frequency distributions on 
the basis of historical data. 
A single curve from Fig. 7.7 was selected and applied to 
the secondary stations adjacent to each primary tide station after 
reconverting the height reference from MHW to MSL according to MHW-
MSL differences obtained for the secondary stations (NOS, personal 
communication). The matching of primary and secondary stations for 
this purpose was a matter of judgement guided by conservative choices 
wherever possible. For example, the curve of maximum slope, that 
at Hampton Roads, was selected for both Gloucester Point and Little 
Creek, Virginia. Offsetting the problem of choosing a curve for 
extratropical storms is the fact that in the frequency range of 
-1 interest (~ 0.1 years ) the tropical storm/hurricane frequencies 
were found to be the major contributor with an inconsequential 
frequency component coming from extratropical storms at the highest 
tide levels. 
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The combined tropical and extratropical height frequency 
distributions for the five primary stations are shown in Figs. 7.8-
7.12. Similar combinations were made for the remainder of the 
selected tide stations listed in Table 3.1. In each of the figures 
shown, the observed tidal maxima due to all causes (represented by 
4ot~) are included for comparison with the combined curve, empha-
sizing once again that the frequency resolution of the highest 
recorded tid~s is limited by the length of the available record. 
Also it should be noted that the highest tides recorded at Kiptopeke 
Beach, the primary station having the shortest record, are due to 
extratropical storms. 
7.4 Conversion of Heights to NGVD 
As def~ned in the National Ocean Survey Tide and Current 
Gloss~ry (1975), The National Geodetic Vertical Datum (NGVD) is 
''a fixed refereqce adopted as a standard geodetic datum for heights. 
The datum was derived for land surveys from a general adjustment of 
the first orQer level nets of both the United States and Canada. In 
this adjustment 21 tide stations in the United States and 5 in Canada 
were held as fixed .. The Geodetic Datum now in use in the United 
States is The Naticmal Geodetic Vertical Datum of 1929. The year 
indiGates the time of the last general adjustment." 
The Geodetic Datum so defined does not reflect temporal and 
spatial changes in local sea level caused by various factors including 
freshwater so~rces. Hence the tidal datum of MSL, based on the current 
National Tidal Datum Epoch (i941-1959) and used thus far as the sole 
reference for heights in this study, must be converted to the 
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equivalent NGVD reference by application of the MSL-NGVD difference 
at each location~ First order level networks connecting stations 
with established tidal datums have permitted this difference to be 
determined at a number of locations in Chesapeake Bay as shown in 
Figure 7.13. The line of best fit in Figure 7.13 was used to obtain 
the MSL-NGVD d~fference where required. 
Attention is called to the f~ct that The National Ocean 
Survey p~ans to review all tidal datums for possible revision every 
25 years. Assuming that a continued rise in yearly mean sea level 
is opserved at primary tide stations, a new set of 19-year tidal 
datums will then be computed based on the next scheduled National 
Tidal Datµm ~poch, 1966-1984. A revised set of MSL-NGVD differences 
would then apply necessitating an adjustment of all storm tide levels 
referred to the geod~tic datum. 
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8. RESULTS FOR SELECTED FREQUENCY LEVELS 
The results from this project are presented both graphically, 
as Figures 8.1 and 8.2, and in tabular form, in Table 8.1. These 
results consist of the heights above the National Geodetic Vertical 
Datum of 1929 (NGVD) of storm surges due to all causes at the selected 
frequencies of 0.1, 0.02, 0.01 and 0.002 occurrences per year. The 
values chosen apply to the shore of Chesapeake Bay, the locations of 
the 23 stations presented being on or near the shore of the Bay. 
Straight lines are drawn between the plotted points in the figures to 
provide visual continuity between the estimates. 
Because the estimates include both tropical and extra-
tropical storms combined with astronomical tides all referred to 
NGVD, they are suitable in the form presented to determine flood levels 
at the selected frequencies in regions adjacent to Chesapeake Bay. 
The results of Hampton Roads, Virginia are presented in Chapter 9. 
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Figure 8.1. Height frequency estimates due to all storms, Eastern Shore of Chesapeake 
Bay. Heights are referenced to National Geodetic Vertical Datum (NGVD). 
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Figure 8.2. Height frequency estimates due to all storms, Western Shore of Chesapeake 
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Table 8.1. Height Frequency Levels of Total Tide 
at Selected Chesapeake Bay Stations 
(Heights in Feet above NGVD) 
A. West Shore Stations 
Station Annual Frequency 
0.10 0.02 0.01 
Havre De Grace, Md. 5.3 9.6 11.5 
Baltimore, Md. 4.1 6.8 8.1 
Annapolis, Md. 4.0 6.2 7.2 
Chesapeake Beach, Md. 3.5 5.2 6.1 
Cove Point, Md. 3.4 4.5 5.2 
Solomons Is., Md. 3.4 4.8 5.5 
Cornfield Harbor, Md. 3.2 4.2 4.6 
Windmill Point, Va. 3.2 3.7 3.9 
Gloucester Point, Va. 4.6 5.4 5.9 
B. East Shore Stations 
Annual Freguency 
Station 0.10 0.02 0.01 
Betterton, Md. 5.1 8.7 10.5 
Tolchester, Md. 4.3 7.2 8.7 
Love Point, Md. 4.3 6.4 7.4 
Matapeake, Md. 4.0 6.2 7.2 
Cambridge, Md. 3.9 5.1 5.9 
Hoopers Is., Md. 3.5 4.7 5.3 
Chance, Md. 4.2 5.4 5.8 
Crisfield, Md. 3.9 4.8 5.1 
Guard Shores, Va. 4.2 5.6 6.3 
Gaskins Point, Va. 3.5 4.0 4.2 
Eastville, Va. 3.6 4.1 4.4 
Kiptopeke Beach, Va. 4.1 4.8 5.2 
0.002 
14.6 
10. 7 
9.4 
7.9 
6.6 
7.0 
5.8 
4.4 
7.1 
0.002 
13.4 
11.5 
9.7 
9.2 
7.5 
6.6 
6.8 
6.1 
7.8 
4.6 
4.9 
6.2 
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9. DISCUSSION OF STUDY RESULTS 
9.1 Model Assumptions 
Although a great number of papers and reports have recently 
been published on the numerical simulation of storm surge, only 
Overland (1975) has dealt with a bay-ocean system by indirectly 
coupling his bay model with the Jeliesnianski SPLASH II model. 
The storm surge model used in this study treated the Chesapeake Bay 
and the Atlantic nearshore ocean adjacent to the Bay entrance as 
an integrated system and is physically superior to previous models 
in this respect. A full description of the model, based on two 
dimensional depth integrated equations expressing conservation of mass 
and momentum in a finite element scheme, is given in Volume II of 
this report. 
The calibration of this model was achieved by simulation and com-
parison of ordinary tides and by hindcasting a storm surge based on the 
recorded characteristics of Hurricane Connie (1955). The model results 
for these calibrations agree very well with field data. Physical 
parameters used in the model, including a bottom friction coefficient, 
"eddy viscosity" coefficients, wind stress coefficients and a wind 
reduction factor, were all within the range of values usually considered 
typical (Van Dorn, 1953; Wilson, 1960; Reid and Bodine, 1968; Connor 
and Wang, 1974). Following calibration, the model was assumed to give 
accurate simulation of actual tropical storm and hurricane surge hydro-
graphs at a large number of locations within the main body of Chesapeake 
Bay. 
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An important consideration concerning application of model 
results has to do with local effects. Due to the complexity of the 
Chesapeake Bay system, there are practical limits to the amount of 
detail that can be incorporated locally in a numerical schematization 
of bathymetry and shoreline configuration on a bay-wide scale of more 
than 100 nautical miles. Numerical modeling of the major bay 
tributaries, for example, would require representation at an approp-
riate scale in order to obtain storm surge information in these systems. 
For the present study, it was assumed that each storm surge hydrograph 
generated at a bay network grid point would extend to the immediately 
adjacent waterways and shore areas as well. Although the latter 
assumption appears valid for most of the bay, there are areas where 
the local water surface response to a given storm is far from uniform. 
9.2 Evidence of Local Surge Height Variations at Hampton Roads 
As shown in Figure 3.1, Hampton Roads lies at the mouth of 
the James River estuary just inside a relatively narrow entrance 
channel opening to the Lower Chesapeake Bay. Extreme high tides 
recorded at three nearby locations inside and along the entrance 
channel (Norfolk Harbor, Sewells Point, and Old Point Comfort) reveal 
that differences of one foot or more have occurred locally during the 
same storm event (Corps of Engineers, 1968). For example, storm tides 
of 7.5 and 8.6 ft. MSL, respectively, were recorded at Sewells Point 
and Old Point Comfort during the August 1933 hurricane. In a 
September 1936 hurricane, tides of 7.5 and 6.2 ft. MSL, respectively, 
were recorded at Norfolk Harbor and Sewells Point. Other storms 
affecting the latter two stations, including the March 1962 
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extratropical storm (7.4 and 6.7 ft. MSL), produced similar differences 
consistently favoring Norfolk Harbor. Differences between storm tide 
heights observed at Sewells Point and Old Point Comfort are not so 
consistent. These differences are partly due to the hydrodynamic 
separation between Chesapeake Bay and the James River noted in 
Chapter 7. They would be smaller at Upper Bay locations. 
9.3 Effect of Local Variations on Height Frequency Distribution 
Whether consistent or not, any significant difference in 
storm tide height that is attributable to local variation rather than 
the accuracy of model predictions at a point can affect statistical 
relationships such as the height frequency distribution. This effect 
is greater for a given deviation if the s~ope of the height frequency 
curve is small. Of course, the effect is also smaller if the local 
variations are smaller. The alteration of the height frequency dis-
tribution due to local variations is illustrated through hypothetical 
example in Figure 9.1. 
Given a height frequency curve derived from model predictions 
at some point (Line AA' in Figure 9.1), let us assume that local 
variations will occur with each storm, either adding or subtracting 
some finite amount to the predicted maximum tide height. Let us 
further assume for the purpose of illustration that the amount varies 
in direct proportion to the maximum tide height and that it can be 
divided into two classes of equal setup and setdown, each with an 
equal likelihood of occurrence. Thus the point A will be replaced by 
points Band C reflecting a setup and setdown, respectively, each 
shifted to the right to half the original annual frequency expected. 
Likewise, all other points on AA' will be incremented and shifted 
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Figure 9.1. Effect of local variations on height frequency relationship. 
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so that two new distribution curves, BB' and CC', now exist in place 
of AA'. These curves, like the hurricane and extratropical tide curves 
discussed earlier, can be combined by adding their frequencies at 
corresponding heights. In the example shown, the combination of the 
new curves is nearly coincident with line BB'. For instance, the 
frequency at point C' (f=0.005) adds comparatively little to the 
corresponding frequency at point D (f=0.2). Hence only the setup is 
important in this example and it is worth noting that its effect is to 
increase significantly the slope (and height) of the resultant height 
frequency curve for a curve of low slope. The same effect can be 
demonstrated for a full range of local variations grouped into any number 
of probability classes. 
The above example is relevent to the actual situation at 
Hampton Roads which, because of the apparent low slope of its height 
frequency curve as shown in Figure 7.5, would be sensitive to the effects 
of significant local variation. By the same reasoning, the height 
frequency curve at Baltimore, with its greater slope, would be less 
sensitive to local variations of the same magnitude. In addition, the 
local variations at Baltimore, which is well connected with Chesapeake 
Bay, are smaller than those at Hampton Roads, decreasing the sensi-
tivity still further. 
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Since the water domain in the surge model study excluded 
tributaries of the bay, as shown in Volume II of this report, the 
height frequency curve in Figure 7.11, strictly speaking, represents 
results at the James River mouth on the bay boundary (~265, see Figure 
4.9 in Volume II report) without the effect of the lower James River, 
rather than at Sewells Point (Hampton Roads tide station). The lower 
James River basin is also a large water body; 4.7 miles wide and more 
than 40 miles long. Unlike other tributaries of the bay, it has a 
"u" shape channel in Hampton Roads, followed by a sudden narrowing at 
the mouth, from 4.7 miles down to 2 miles. This particular coastal 
configuration is anticipated to cause a complex surge pattern in the 
Hampton Roads by distorting and blocking surge wave propagation both 
from the bay and from the river. Table 9.1 illustrates the surge height 
differences at Old Point Comfort, Sewells Point and Norfolk Harbor. As 
can be seen, the surge sometimes has a significant difference among these 
stations. Therefore, it would be misleading to apply the results in 
Figure 7.11 directly to the entire area of Hampton Roads without any 
correction. Unfortunately, at present, the correct surge height fre-
quency curve of Hampton Roads cannot be calculated, since the lower 
James River basin has not been included in the model study. However, 
an estimate of the changes anticipated in the height-frequency curve 
can be made with a formal statistical analysis based on the graphical 
example. 
Date 
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TABLE 9.1 
HIGHEST TIDES AT NORFOLK HARBOR, SEWELLS POINT, 
AND OLD POINT COMFORT 
Maximum elevation, feet msl 
Norfolk Sewells 
Harbor(b) Point 
Period of record 1908-date 1927-date 
Old Point 
Comfort 
1937-1945 
1948-1955 
* 23 Aug 1933 8.0 7.5 (8.0) 8.6 
7 Mar 1962 7.4 6.7 6.8 
18 Sep 1936 7.5 6.2 
11 Apr 1956 6.5 5.8 5.8 
16 Sep 1933 6.3 5.6 
12 Sep 1960 6.3 5.5 4.8 
27 Sep 1956 5.9 5.4 
6 Oct 1957 5.8 5.1 5.2 
5 Oct 1948 5.4 4.9 5.0 
18 Sep 1928 5.8 4.8 
* See original report for explanation. 
(copy from P.12 in "Flood Plain Information, Coastal Flooding, 
Hampton, Virginia" by Corps of Engineers, U. S. Army, 
Norfolk, Virginia District. October 1968) 
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9.4 Statistical Analysis for the Local Effect of the Maximum Surge 
The foregoing example suggests strongly that local effects 
and the effect of the James River basin can alter the height frequency 
curve even if these effects are uncorrelated with those of the hurri-
canes. In order to gain some insight into the kinds of alterations 
which might be expected, the calculation is formalized so that its 
characteristics may be studied quantitatively. 
Formulation 
1) Leth (x) be a monotonically increasing function of x with a single 
0 
-1 
valued inverse x = h (h (x)). h (x) represents a height curve as 
0 0 0 
a function of x, the log of the inverse frequency. 
2) The additive value of x -kx -kD . ~ e where .1= e ,using the decade 
scale of log paper D, fixes the value of k. 
3) if p(h,x) becomes a probability distribution function about 
h (x), we require that 
0 
00 
J p(h,x)dh = 1 and p 2:_ 0 for all h,x 
-00 
(1) 
(i.e. for storms which are predicted by the model to have a given 
height, local effects produce a distribution of heights at the 
tide gauge, but the number of storms remains constant). 
4) The cumulative value of probability for a resulting height h1 
is given by 
00 
I -kx p(h1 ,x)e dx 
-00 
00 
and I -kx p(h1 ,x)e dx 
_oo 
(2) 
(3) 
This formulation describes the operation of the correction, 
and it is generally applicable. Clearly, the important differences in 
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formulation are in specifying the precise value of the probability 
distribution p(h1 ,x). To examine these differences, we formulate 
and criticize several examples. 
Case 1 - The local effect is minimum. 
In this case, we are simply exercising the formulation with 
the confidence that our final h1 (x) should be equal to an initial 
h (x). For no difference, we can write 
0 
p(h,x) = o(h-h (x)), 
0 
where C is the Dirac delta function. 
This immediately satisfies equation (1) as 
00 
J o<h-h <x))dh = 1 
0 
-00 
Equation 2 then becomes 
This evaluates to 
So equation (3) becomes 
Inverting, we get 
So the integral evaluates to the original function. 
(4) 
(5) 
Criticism - Case 1. While exercising the calculation, the 
example gives no new results.j Moreover, the requirement for generalized 
inverse notation makes the calculation awkward. 
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Case 2. Let the predicted curve describe a Poisson distri-
bution (i.e. h (x) =a+ µx). This is similar to our results and is 
0 
particularly simple to invert: 1 X = - (h - a). µ 0 Also let storms add or 
subtract with equal probability a fixed increment, a, to the pre-
dicted surge at all heights. This example formalizes the graphical 
example of figure 9.1. 
With these assumptions, we are led to 
p(h,x) = -21 (o(h-h (x)+a) + o(h-h (x)-a)) 
0 0 
Once again, equations (1) are satisfied almost trivially, and 
the formulation reduces to Example 1 when a is set to zero. Equation 
(2) thus becomes 
(6) 
The conditions for triggering the o functions are 
In order to perform the integration along x for a constant h1 , 
we utilize here the explicit form of h and obtain 
0 
and x = x2 - t (h1 - a - a) 
Thus we can integrate equation (6) and express it in a 
symmetric form as 
k 
v(h1) = e - \l (hl-cx) 1osh (* a) 
So equation (3) becomes 
(7) 
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Now, in the original;curve 
h =a+ µx, so if w~ set h (x) = h1 0 : 0 
and solve for x, we Qbtain 
h1-a 
x = ~~ , which is the first term in the equation. The µ 
second term then, gives the dtfference in the log frequency. 
b.x 1 k : = - - ln cosh - al k µ ' 
Because the original curve is I linear, ~h 
in height at the given frequency or 
b.h = .1! ln cash la k µ 
Properties of the solution: 
1) b.h > 0 because c6sh x > 1 
2) b.h increases as ~ increases 
; 
3) for large a, we ¢an write 
k k 
-a 
+ eµ 
~ 
b.h .1! ln 
eµ 
= k 2 
or 
b.h '.:::! a - .1! ln 2 k 
- µ~x for the increase 
This equation is con with the graphical example. It 
also shows that-for large loc 1·effects the height change is greater 
for smaller slopes of the ori inal.height frequency curve, but the 
height change never exceeds t e scale height (a) for local effects. 
4) To explore 
on the initial slope of 
derivative 
the sensitivity of the height change 
ight frequency curve, we form the 
a(D.h) 
aµ 
b.h 
µ 
a tanh ka 
µ µ 
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For small values of a 
So a(~h) aµ = -
ka 
and tanh -t-µ 
2 l~< O 
4 2 µ 
!:::: 
ka 
µ 
So the height change:due to a given local scale height value 
decreases at both large and small scale heights as a function of in-
creasing slope. This suggest$ that local variations of a given amount 
will have a smaller effect inithe upper Bay, where the height frequency 
curves are steep than at Hampton Roads. 
A set of revised height frequency curves at Hampton Roads due 
to this formulation at several scale heights is given in Figure 9.2. 
Criticism of Case 2. 
A. The curves produ¢ed are unrealistic because several 
i 
assumptions used: in the calculation are unrealistic. 
1. The actual lpcal effect should be considerably larger 
for big storms than for small: storms. The assumption used in example 2 
is that the scale value of the local variation (2) is the same for all 
storms. A better formulation would be to have a proportional to h, 
so large surges would be asso iated with larger storms. 
2. The assumpti n of equal weights for positive and 
negative effects is overly r For instance, the storm heights 
reported in Norfolk Harbor a e consistently higher than those reported 
at Sewells Point. 
3. The 8 funct·on model of effects is too simplistic. 
Realistic models would have Some distribution of effects which would be 
described by a smooth functidn rather than the 8 function. 
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Case 3. 
Motivation: to answer the criticisms of case 2 and obtain 
more realistic results. 
Approach: 
a. Formulate a o function example which has scale height 
proportional to surge height. 
b. Formulate the corresponding anti-symmetric example to 
address the over-synnnetry of example 2. 
c. Use superposition to construct a smooth function. 
d. Construct examples from the solutions to a and b. 
Details: 
1 let p(h,x) = -2 O(h-h (x) +Eh)+ O(h-h (x) - Eh) (9) 0 0 0 0 
with O<E<l 
Then, using the same Poisson distribution model for h (x), 
0 
1 ( hl - a) xl = -µ 1 + E 
1 ( 1 
hl 
- a) x2 = -µ 
- E 
Again, we write 
or 
+ ka [ _ 1 hl 
(h ) = .!.2 e µ e µ 
1 +e: + e 
V 1 
1 If we let l+e: = p - q 
--= 1-£ 
1 p + q 
k hl ] 
µ 1-£ 
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we get p = i (1!e: + l~e:) = ~ 1-e: 
q = i (l~e: - 1!e:) =-;-
1-e: 
which gives a value of 
- ~(h p-a) k h 
v (h ) = e µ 1 cosh -9._l_ and 1 µ (9a) 
equation (3) becomes 
1 1 khl E 
+-(hp-a) - - ln cosh ~- ---
µ 1 k µ 1-£2 
(10) 
At this point, it is convenient to note that if we had chosen 
an antisymmetric probability density 
p{h1x) = -2
1 (8(h-h (x) +Eh) - 8(h-h (x) - e:h )) , 
. 0 0 0 0 
the equation analogous to eq. (9a) would have been 
Of note is that the antisymmetric probability density by 
itself satisfies neither of conditions (1), so it should not be used 
alone, but rather as ari additive component to equation (9) with 
suitable weighting. 
and so 
Equation (10) can be written: 
-1 hl 2 
~X = X (h )- h (h) = --( E 2) 1 1 o 1 µ l _ E 
1 khl 
- - ln cosh ~- E 
k µ 1 - E 
E 
2 1 - £ 
(11) 
(12) 
(13) 
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Part b. 
If the probability of a set down is different from that of a 
setup, we can express the o function form of the probability density 
function as a weighted sum of equations (9) and (11), i.e. 
p(h,x) = 9) + 11) x B with IBl<l 
This combination will satisfy conditions 1 and lead to solutions 
- a)-
[
~1 
+ B sinh ~ 
Properties of the Solution 
1 
-~ k [
cosh[khl E 
2
] 
µ 1-E 
In Equation (15), there are two free parameters: E, the 
fractional height deviation, and 8, the non-symmetrical probability 
(15) 
indicator. The behavior of the solution for varying values of the 
parameters as well as for varying initial models is of some interest. 
As the inversion of equation (15) and the analytic elucidation of 
the properties of the inverted solution is difficult, the behavior 
is best studied for some cases of particular interest by plotting 
graphs of equation (15) in the inverted form. 
For the first case, values ofµ and a are chosen to represent 
the model generated height-frequency curve at Hampton Roads. With 
symmetric probability distributions, (8=0), the fractional height 
parameter is varied from Oto .5 in steps of .1 in Figure 9.3. The 
hurricane only storm surges for Hampton Roads are also included in 
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Figure 9.3. Plot of equation 15 showing the effect of local setup varying randomly 
with fractional value E for a base curve resembling that at Hampton 
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this figure for quick reference. It is evident that with local variations 
of .3 to .4 times the basic surge, the altered curves correspond closely 
with the historical data. For reference, we note that with a value of 
.3 for£, the level is increased by about .7 feet at the frequency 
corresponding to a model height of 5 feet. 
The second case, with the basic curve fitted to the model 
curve at Baltimore, is analogous to the first, the difference being an 
increased slope of the basic height-frequency curve. The values of this 
curve for the same variation of the fractional heights are shown in 
Figure 9.4. With the value of .3 for E starting at a model height of 5 
feet, the height increase is only about .25 feet, substantially less than 
for the corresponding conditions with the smaller slope representative 
of Hampton Roads. In general, this comparison indicates that local 
effects will make more of a difference for stations having slowly rising 
height frequency curves than for those with steep curves. 
A particular curve corresponding to the tide gauge at Hampton 
Roads can be estimated using Equation (15) with the following assumptions: 
- The assumptions that govern Equation (15) are accepted. 
In particular, that the locally generated surge is 
strictly proportional to the Bay surge and that it 
randomly increases or decreases the value of the Bay 
surge with equal probabilities. 
- The locally generated surge is scaled by the difference 
between the Port Norfolk tide gauge and that at Fort 
Monroe. 
- The recorded difference of 1.5 feet is representative 
of the difference generally occurring in a fifty year 
interval. 
With these assumptions, we can chooses by dividing the 1.5 foot value by 
-1 the .02 year value of the model curve at Hampton Roads, which is 5.3 feet. 
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Figure 9.4. Plot of equation (15) showing the effect of local setup varying 
randomly with fractional value E for a base curve resembling that 
at Baltimore Harbor and equal probabilities of set-up and 
set-down (S=O). 
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This results in a value of .28 for£. Figure 9.5 shows the altered 
curve at Hampton Roads based on these assumptions. While this curve 
looks highly plausible as well as consistent with the model results, 
the assumptions under which it is produced do not fully respond to the 
criticism of example 2. In particular, the strict proportionality of 
the local effect to the basic surge implied by the o function formulation 
is still in effect. Also, the strict symmetry of the probability dis-
tribution, with 8=0 is also implied by this curve. 
The effect of varying the probability distribution of the 
basic height change can be assessed only by varying the assyrnmetry 
scale (S) of the double 8 function. The effect of such a variation 
with£ set to .28, the Hampton Roads match value, is shown in Figure 
9.6. The limits of these curves are, as expected, the Poisson distri-
butions corresponding to the initial fit to the data with slopes 
increased or reduced by a factor of£. These are the limiting cases 
expected from the theory, as they correspond to all of the surges being 
raised or lowered by the fractional amount£. The curves all bunch 
together for large values of S, however. This means that if the surge 
due to the local effects tends to add to the basic surge rather than 
subtract from it, the further increase in height will be smaller than 
if the two surges tend to oppose more often than add together. For 
example, if Isl= .5, the height at Hampton Roads at the .02 year-l 
is further raised by .5 feet or lowered by .75 feet, depending on the 
sign of S. This value for S implies that three times as many storms 
act one way as act the other way in their local effects. 
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correction is the best statistical estimate for the model curve at 
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Part c. 
The solutions of the form 15 can be used to form a solution for 
the smooth distribution, provided that the assumption of ~h~h is kept. 
0 
The distributions are simply broken into symmetrically placed sub-
intervals with appropriate weights (summing to 1) and the solutions of 
the form 15 summed (or integrated) for all the values of E and S needed 
to describe the solution. This procedure can be used to generate many more 
curves, some of which can pass through the data points, as the functional 
specification introduces many more parameters into the formulation which 
may not be independently estimable. 
Criticism of Case 3. 
The generalization of the method shown has produced an extremely 
flexible set of functions which can be used to generate several families 
of plausible height frequency curves. Some of these curves pass through 
the points of the observed data for Sewells Point. That does not make 
them necessarily correct. Moreover, the existence of local variations 
and storm to storm differences as well as the systematic difference in 
heights observed between Sewells Point and Port Norfolk suggests that 
further attempts at curve fitting are not productive. What is needed is 
information which can be used to assess potential flood hazard in the 
areas to be insured rather than to pred:lct storm tide accuracies near 
Sewell's Point. 
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9.5 A Proposed Simple Correction 
From Table 9.1, it indicates the difference in 50 years be-
tween Norfolk Harbor and Old Point Comfort, 1.5 feet, and between Sewells 
Point and Old Point Comfort, .7 feet. If we just add those differences 
to the curve C in Figure 7.11 for annual frequency 2. 0.02, add the values 
linearly decreasing from the above values to zero at approximate one 
year frequency. In this way proposed estimations for Sewells Point and 
Norfolk Harbor are obtained and shown in Figure 9.7, and the height 
frequency levels of total tide in feet above NGVD become: 
Hampton Roads 
(Sewell's Point), Va. 
Norfolk Harbor, Va. 
Proposed Annual Frequency 
0.10 
4.8 
4.9 
0.02 
6.2 
6.9 
0.01 
6.8 
7.5 
0.002 
8.1 
8.9 
Again it should be noted that the correct height frequency 
distribution for Hampton Roads cannot be precisely assessed without 
further model study to include the lower James River, although the 
proposed estimates approach the recorded historical data. 
9.6 Conclusion 
The statistical analysis of local effects, in all likelihood 
associated with storm surges generated in the James River itself, has 
shown that a two foot surge in the James River generated by a given 
hurricane will alter the heights generated by the model at Sewells Point 
to correspond closely with historical data even if that surge produces a 
set-down as often as a set-up~ The paucity of data available for 
determining probability curves for local set-up and set-down makes 
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further development of the statistical approach as outlined here extremely 
unreliable. The best available alternative for generating the surges is 
to formulate and run a hurricane model of the James River basin analagous 
to the Chesapeake Bay model used in the present study. If the same set of 
storms is used as for the present study, the hydrographs from this study 
can be used as data for the small basin model to eliminate the requirement 
to run a coupled model. The results will not only provide a better match 
to the ~ewells Point tide gauge, but they will provide more realistic 
hazard assessments at major urban centers than are given by the Sewel~ 
Point data. 
9.7 Recommendations for Further Study 
In view of the results obtained, an additional modelling effort 
at an appropriate scale for the James River and Hampton Roads area is 
called for. There would be little point in attempting to account for 
local variance in storm tide elevation by any other means, including 
historical analysis. The tendency of the model results to lose precision 
as the distance from the point of prediction increases (especially when 
entering a major tributary) indicates that local effects induced by 
shoaling, shortening of wave period and wave reflection within complex 
coastal configurations are quite important to small scale surge effects. 
Additional fine scale models are recommended for the James and 
all similar tributary systems entering Chesapeake Bay. These models 
should use the surge hydrograph occurring on the main stem of the Bay as 
an input along with wind stress and pressure associated with a model 
storm. If the tributaries are fairly confined, the flood waters coming 
from direct rainfall over the basin may add appreciably to the total surge 
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height. We recommend that small scale models include provision for 
direct precipitation effects. 
9.8 Application of the Technique to Other Enclosed or Semi-
Enclosed Systems 
This effort has shown that thE~ technique of driving the 
storm surge model with simulated storms having appropriate climatological 
characteristics has greatly extended th,~ previous work on open coasts 
by including a bay-ocean region. We recommend that the technique be 
applied to other enclosed or semi-enclosed regions where tropical storm 
surge is a factor in long term planning. 
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APPENDIX 1 
STORM DATA 
The following data were obtained for hurricanes and tropical 
storms from 1900 through 1977 from data. at the National Climate 
Center, NOAA, Asheville, North Carolina.. The method of deter-
mining the numbers is given in the body of the report. 
Storm class key -
L landfalling 
P passing 
.X exiting 
L-X landfalling and then exiting within the 
study region 
STORM SUMMARY 
p R f e Crossing 
0 Distance 
Storm Dates Year Class (Millibars) (Nautical Miles) (Knots) (Degrees) (Nautical Miles) 
Oct 8 - Oct 15 1900 L-X 1008 14 28 72 
Sept 9 - Sept 19 1901 p 1008 19 48 165 
June 10 - June 16 1902 p 1005 9 43 -82 
Oct 3 - Oct 13 1902 X 996 28 67 -155 
Sept 12 - Sept 17 1903 L 990 17 -34 124 
Oct 5 - Oct 10 1903 p 995 14 5 124 
June 11 - June 14 1904 X 1010 31 43 -51 
Oct 29 - Nov 5 1904 X 995 18 61 997 
June 14 - June 28 1906 p 35 17 47 41 
Sept 3 - Sept 18 1906 L 995 35 12 74 1088 
June 24 - June 29 1907 L-X 1004 19 38 -62 ...... 
Sept 17 - Sept 23 1907 p 1010 18 48 -103 \J1 N 
Sept 27 - Sept 29 1907 p 1005 28 57 311 
July 25 - Aug 3 1908 L-X 1002 11 48 82 
Aug 30 - Sept 2 1908 n 1 () 1 c;: 8 46 238 r .J..V.J...J 
Oct 9 - Oct 23 1910 L-X 997 22 62 311 
June 7 - June 16 1912 X 1010 15 82 
Nov 11 - Nov 25 1912 p 995 26 22 248 
Aug 30 - Sept 4 1913 L 1005 38 4 -61 -352 
July 31 - Aug 5 1915 p 1010 17 40 -103 
July 10 - July 22 1916 p 980 10 2 145 
Aug 6 - Aug 10 1917 p 995 10 22 176 
Aug 23 - Aug 25 1918 L-X 1005 10 44 51 
Aug 15 - Aug 28 1924 p 990 34 17 32 145 
Sept 13 - Sept 19 1924 p 1003 24 53 197 
Sept 27 - Sept 30 1924 X 1003 28 42 0 
Nov 29 - Dec 4 1925 L-X 995 13 36 62 
Oct 1 - Oct 3 1927 p 985 18 0 155 
Oct 31 - Nov 3 1927 p 990 16 31 155 
Aug 3 - Aug 12 1928 X 1007 8 56 -300 
Aug 7 - Aug 17 1928 p 16 47 -51 
Sept 6 - Sept 20 1928 p 995 17 -11 62 
STORM SUMMARY (Cont'd) 
p R f e 
Crossing 
0 Distance 
Storm Dates Year Class (Millibars) (Nautical Miles (Knots) (Degrees) (Nautical Miles) 
Sept 22 - Oct 4 1929 p 995 19 38 -114 
Aug 31 - Sept 17 1930 p 995 9 47 217 
Sept 9 - Sept 17 1932 p 1000 19 37 103 
Aug 17 - Aug 28 1933 L 983 36 18 -30 51 
Sept 5 - Sept 21 1933 L 980 40 12 -36 -41 
Sept 5 - Sept 21 1933 X 980 40 12 8 -41 
June 4 - June 21 1934 X 996 20 67 -331 
Sept 5 - Sept 9 1934 p 1009 24 18 51 
Aug 29 - Sept 10 1935 X 994 17 65 41 
Sept 8 - Sept 25 1936 p 985 34 17 -52 41 
Sept 8 - Sept 25 1936 p 985 34 17 43 41 
July 29 - Aug 2 1937 p 1006 25 46 165 ..... V1 
Aug 2 - Aug 8 1937 p 1016 13 34 165 w 
Sept 26 - Sept 30 1937 p 1015 26 30 238 
uct: 23 - Oct 24 1938 L-X 1 f'\f'\C ':l? 37 62 .1.VUJ .J'-
Aug 7 - Aug 20 1939 p 1006 24 34 145 
May 19 - May 26 1940 p 995 6 36 321 
Aug 30 - Sept 3 1940 p 995 19 33 124 
Sept 18 - Sept 25 1941 p 995 17 42 259 
Oct 10 - Oct 12 1942 1· 1001 9 -14 41 
Aug 13 - Aug 19 1943 p 19 52 279 
Sept 13 - Sept 18 1943 p 1009 20 33 207 
Sept 28 - Oct 1 1943 L 991 6 -51 145 
July 30 - Aug 4 1944 L 1005 13 3 145 
July 30 - Aug 4 1944 X 1005 13 62 145 
Sept 9 - Sept 16 1944 L-X 985 17 30 20 72 
Oct 12 - Oct 23 1944 X 999 19 46 0 
June 20 - July 1 1945 p 1012 15 33 103 
Sept 11 - Sept 20 1945 L-X 989 17 38 93 
July 5 - July 10 1946 L-X 989 12 78 0 
Oct 5 - Oct 14 1946 X 1001 28 15 86 290 
Sept 20 - Sept 25 1947 X 1008 19 60 51 
STORM SUMMARY (Cont'd) 
p R f e Crossing 
0 Distance 
Storm Dates Year Class (Millibars) (Nautical Miles) (Knots) (Degrees) (Nautical Miles) 
Aug 26 - Sept 4 1948 p 989 17 48 352 
Nov 8 - Nov 10 1948 p 1008 20 22 145 
Aug 21 - Aug 28 1949 p 996 16 16 24 186 
Aug 21 - Aug 28 1949 p 996 16 16 65 186 
Aug 23 - Aug 31 1949 p 999 15 20 31 186 
Aug 11 - Aug 22 1950 p 993 35 22 33 207 
Aug 30 - Sept 16 1950 p 993 14 3 217 
May 15 - May 24 1951 p 993 13 9 7 476 
May 15 - May 24 1951 p 993 13 9 85 476 
Sept 28 - Oct 8 1951 p 987 27 7 46 259 
Feb 2 - Feb 4 1952 p 990 36 27 145 
Aug 18 - Sept 2 1952 p 1002 28 14 45 -155 1--
Aug 11 - Aug 16 1953 L 981 12 10 41 V1 ~ 
Aug 11 - Aug 16 1953 X 981 14 42 41 
Aug 25 - Aug 31 1954 p 15 29 103 
Sept 2 - Sept 14 1954 p 961 37 33 29 . 72 
Aug 3 - Aug 14 1955 L 976 11 -8 0 
Aug 7 - Aug 21 1955 L 992 46 12 -27 -155 
Aug 7 - Aug 21 1955 X 992 46 12 72 -155 
Sept 10 - Sept 23 1955 L 976 30 16 -16 134 
Sept 10 - Sept 23 1955 X 976 30 16 63 134 
Aug 24 - Aug 31 1958 p 984 15 18 20 165 
Sept 21 - Oct 3 1958 p 976 11 22 59 269 
July 5 - July 12 1959 X 1008 30 14 41 0 
July 28 - July 31 1960 L-X 996 9 28 26 31 
Aug 29 - Sept 13 1960 L-X 973 16 25 26 51 
Sept 11 - Sept 26 1961 L 14 20 134 
Sept 11 - Sept 15 1961 p 992 21 31 20 
Aug 26 - Sept 2 1962 p 996 19 36 134 
Oct 16 - Oct 30 1963 p 984 29 5 42 197 
Oct 16 - Oct 30 1963 p 988 29 20 26 290 
June 2 - June 11 1964 p 1004 15 66 697 
Aug 20 - Sept 5 1964 X 996 13 9 73 
STORM SUMMARY (Cont'd) 
p R f 0 Crossing 
0 Distance 
Storm Dates Year Class (Millibars) (Nautical Miles) (Knots) (Degrees) (Nautical Miles) 
Aug 28 - Sept 16 1964 X 996 22 20 44 128 
Sept 13 - Sept 25 1964 p 984 15 18 34 311 
Oct 8 - Oct 16 1964 L 994 20 18 -3 -45 
June 11 - June 18 1965 X 1011 20 65 27 
June 4. - June 14 1966 p 7 13 152 
Sept 7 - Sept 19 1967 L 986 12 -94 0 
Sept 7 - Sept 19 1967 X 986 12 -166 0 
June 1 -- June 13 1968 L-X 1006 18 8 41 66 
Aug 9 - Aug 16 1968 p 1008 22 18 51 553 
Oct 13 - Oct 21 1968 p 988 20 27 62 228 
July 23 - Aug 5 1969 p 1016 24 35 250 
Aug 5 - Aug 22 1969 X 1002 16 17 31 178 ..... 
Aug 21 - Sept 10 1969 p 992 18 26 113 143 Vt Vt 
May 17 - May 27 1970 X 1002 17 16 59 0 
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rtU~ .LV - rtU~ .L' .L:7/.L r .LVVV LV .LV LV ,t..JU 
Aug 20 - Aug 29 1971 L 992 14 23 26 0 
Sept 5 - Oct 5 1971 L 992 29 7 -44 107 
Sept 5 - Oct 5 1971 X 992 29 7 102 107 
July 4 - July 7 1971 p 1000 36 10 43 178 
June 14 - June 22 1972 X 980 23 14 57 100 
Sept 4 - Sept 14 1972 p 1000 16 7 12 
Sept 4 - Sept 13 1974 p 1003 12 27 35 197 
July 23 - July 28 1975 p 
Oct 24 - Oct 27 1975 p 
Aug 6 - Aug 10 1976 p 994 17 9 76 
Sept 26 - Sept 30 1977 X 1012 10 74 782 
